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ABSTRACT

Lahtinen, Elmeri

Chemically Functional 3D Printing: Selective Laser Sintering of Customizable
Metal Scavengers

Jyvéskyla: University of Jyvaskyld, 2019, 71 p.

(JYU Dissertations

ISSN 2489-9003; 175)

ISBN 978-951-39-7994-2 (PDF)

Growing interest towards making industrial processes and waste management
more efficient has created an increasing demand for efficient and easy-to-use
metal scavenging methods. Many processes today still operate with the mentality
that only the metal of interest should be recovered during the process, while the
rest of the metals can be treated as waste. In the long term, this is not a sustainable
model. In many cases, the difficulty and cost of incorporating a metal recovery
process into an already existing operation are some of the main reasons why
metal management often remains on a very basic level.

In this work, Selective Laser Sintering (SLS) 3D printing is suggested as a
way to prepare highly customizable metal scavenging filters that could easily be
incorporated into already existing processes. Usually, 3D printing is only utilized
for the production of objects with mere mechanical or aesthetical properties.
However, in this study, the focus was on incorporating chemical functionality
into the 3D printed objects. The 3D printing method was evaluated in terms of
the usability for metal scavenging processes by studying the ability to alter both
the chemical and physical properties of the SLS 3D printed objects. In the
introduction section of the thesis, typical metal separation techniques, with a
focus on sorption, are discussed and then compared with the advantages and
disadvantages of the SLS 3D printed metal scavenging filters. In the original
publications discussed in this thesis, different types of chemically functional SLS
3D printed filters are presented.

First, a highly selective method for scavenging gold as tetrachloroaurate
from acid leached Printed Circuit Board (PCB) waste was developed. The method
utilized SLS 3D printed Polyamide-12 (PA12) filters which achieved nearly
quantitative selectivity towards tetrachloroaurate. This was followed by a study
where a method for separating palladium and platinum from a similar matrix by
using SLS 3D printed filter was developed. Finally, a different approach was
taken, where the SLS 3D printed PA12 filters were converted to functional
nanocatalysts by first selectively adsorbing the gold from PCB waste and then
reducing it into nanoparticles.

Keywords: Metal Separation, Selective Laser Sintering, 3D Printing, Circular
Economy, Noble Metals
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Mielenkiinto teollisten prosessien ja jatteiden kasittelyn tehostamiseksi on luonut
tarpeen kehittdd uusia ja tehokkaita metallisieppareita. Moni nykyisista
prosesseista on suunniteltu toimimaan siten, ettd vain yksittdiset metallit otetaan
talteen, kun taas muita metalleja késitellddn jatteend. Pitkalld tahtdimelld tdma ei
ole kestdvd malli. Nykyisten metallien talteenottoprosessien yhdistdiminen jo
olemassa oleviin prosesseihin on usein haastavaa ja kallista, jonka vuoksi
esimerkiksi prosessin sivutuotteena tulevien metallien talteenotto on yleensa
heikolla tasolla.

Tassa tyossd selektiiviselld lasersintraus (SLS) 3D-tulostuksella
valmistetaan kustomoitavia metallisieppareita, jotka voitaisiin helposti yhdistaa
jo olemassa oleviin prosesseihin. Yleensd 3D-tulostusta kdytetddn vain
mekaanisen tai esteettisen funktion omaavien kappaleiden valmistukseen. Téssa
tyossd keskityttiin sen sijaan sisdllyttdimdan 3D-tulostettuihin kappaleisiin
kemiallinen funktionaalisuus. Valitun 3D-tulostusmenetelmédn soveltuvuutta
tahan tarkoitukseen arvioitiin tutkimalla mahdollisuutta muokata valmistettujen
kappaleiden kemiallisia ja fysikaalisia ominaisuuksia. Tdmédn vditoskirjan
johdannossa esitellidn ensin tyypillisimpid metallien talteenottomenetelmid,
joita verrataan SLS 3D-tulostuksella valmistettujen metallisieppareiden hyviin ja
huonoihin puoliin. Tdhdn vditoskirjaan sisdllytetyissd artikkeleissa esitelldan
erilaisten SLS 3D-tulostettujen metallisiepparisuodattimien valmistusta ja
hyodyntamista.

Ensin kehitettiin menetelmé, jolla kulta voitiin erottaa selektiivisesti
elektroniikkaromusta. Menetelma hyodynsi SLS 3D-tulostettua
metallisuodatinta, joka on valmistettu polyamidi-12 (PA12) -polymeeristd. Tama
suodatin saavutti ldhes kvantitatiivisen kullan talteenoton hyvin haastavasta
matriisista. Seuraavaksi kehitettiin menetelmd, jolla voitiin erottaa palladium ja
platina vastaavasta matriisista hyodyntdmallda SLS 3D-tulostettua suodatinta.
Lopuksi metallien kierrdtystd ldhestyttiin eri ndkokulmasta ja kehitettiin
menetelmd, jolla 3D-tulostettu suodatin voitiin  muuntaa suoraan
funktionaaliseksi nanokatalyytiksi kullan talteenoton yhteydessa.

Avainsanat: Metallien erotus, Selektiivinen lasersintraus, 3D-tulostus,
Kiertotalous, Jalometallit
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1 INTRODUCTION

1.1 Metals and their circular economy

We are utilizing high-tech metals, such as noble metals, at an increasing pace
without paying much attention towards their lifecycle.l? Most of these metals
have very limited primary sources, most of which are focused on very specific
locations.3# Industries ranging from technology production to health-care rely on
a stable supply of these metals. This makes us, as a whole, very dependent on
these critical raw materials, and prolonged supply difficulties would definitely
lead to widespread problems.35>

To promote further utilization of these secondary sources of critical raw
materials, novel technologies have to be developed.>¢-° In an ideal situation,
these new metal recovery and refining systems would be superior to the current
options in terms of efficiency, all while being easy to integrate into any kind of
process. However, incorporation of novel technologies into larger scale
operations can often lead to unprecedented costs due to the experimental, rather
than commercial, nature of the product. Therefore, it would be advisable to come
up with a new way of utilizing already existing technologies and materials, while
still having the option of incorporating novel materials into the technology.

Selective Laser Sintering 3D printing of chemically active metal scavenging
tilters would be an ideal example of the aforementioned technology. It has the
inherent ability to fabricate objects of any shape or size. Additionally, physical
characteristics, such as the porosity of the fabricated objects, can be altered by
optimizing the parameters used during the printing process.10-13 Already existing
materials, such as commercial ion-exchange resins or adsorbents, as well as
experimental lab-scale materials can easily be introduced into these highly
customizable and porous objects. The metal scavenging filters could be designed
to fit already existing processes while also being relatively passively operated.

This thesis first briefly discusses the already existing metal recovery and
refining techniques for hydrometallurgical processes, with a focus on sorption



14

methods. Then, the development and utilization of the Selective Laser Sintering
3D printing method for metal separation are discussed.

1.2 Metal separation techniques

A variety of hydrometallurgical metal separation techniques, ranging from
precipitation to solvent extraction and sorption processes, exist. They are widely
utilized, for example, as crucial parts of the production processes or as a way to
remove harmful metals from waste solutions. Many of these techniques have
been utilized for metal separation for hundreds of years at an industrial level.
However, even the traditional methods have their challenges, which fuel the
search for novel metal separation techniques that could either complete the
existing techniques or compete with them.1

Industrially, the most common metal separation technique is chemical
precipitation.’> It consists of altering the chemical conditions of the target
solution in such a manner that the metal of interest forms a solid precipitate. This
can be done for example by raising the pH of the solution to form insoluble
compounds or by adding complexing ligands into the solution, which then form
the insoluble species. Most of the time, the precipitation processes are highly
effective when it comes to removing metals from the solution. The disadvantages
of the process are the large amount of supplementary equipment and space it
requires as well as the inability to easily integrate it into a continuous flow
process. Additionally, when it comes to selectivity towards specific metals,
precipitation processes usually perform rather poorly. The precipitates often
contain a variety of metals unless sufficient pre-treatment of the solution is
performed.1416

Another very common metal separation technique is solvent extraction,
which typically includes the use of a metal scavenging compound dissolved in
an organic solvent. The feed solution is contacted with the organic phase and
thoroughly mixed, followed by separation of the phases.l” The metals of focus
can then be eluted from the organic media to further separate them. Compared
to the precipitation process, the solvent extraction often boasts considerably
better selectivity towards certain metals, and can, therefore, be utilized as an
efficient way to concentrate specific metals. Challenges with solvent extraction
rise from the significantly more challenging process, as it often requires very
accurate parametric control for optimal operation and a considerable amount of
supplementary equipment.!®

The third common method for metal separation is sorption. It consists of
sorption of the target metals onto a solid phase!”1° This can be done, for example,
by utilizing ion-exchange or other interactions. Like the solvent extraction,
sorption processes can also have very high selectivities for certain metals and are,
therefore, an efficient metal concentration method.? The challenges faced when
using sorption are often similar to the ones encountered with solvent extraction
mentioned above: a substantial amount of supplementary equipment and highly
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optimized parameters. As with the previous methods, it is also a laborious
separation method to implement into an already-existing process.

Naturally, there are additional metal separation and refining techniques
that can be utilized in hydrometallurgical systems. The sorption processes will
be introduced more thoroughly, as they are the most relevant comparison for the
novel SLS 3D printing-based process proposed herein. Additionally, several
similarities between typical sorbent materials and the SLS 3D printed objects can
be observed.



2 ION-EXCHANGE MATERIALS AND ADSORBENTS

Ion-exchange is an exchange of equivalents of charged ions between two or more
ionic substances. The key point is that the interaction happens without the
formation of covalent chemical bonds. Many reactions and, for example, many
solvent extraction systems, are based on ion exchange interactions between the
components. However, the term ion exchange material applies to functional
polymers, which are usually either ion exchange or chelating resins. The ion
exchange resins can be further divided into cation and anion exchange resins,
based on the charge of the ions they exchange. Other types of materials relevant
to the discussion here include various organic and inorganic sorbents.?! These
include both absorbents and adsorbents, with the key difference being that the
latter refers to materials where the interaction happens at the interface of the
different phases, whereas absorption refers to situation where the interaction can
also happen within the structure of the material.?2 This chapter focuses on briefly
describing the different types of ion exchange materials and sorbents, with a
focus on their structure and properties.

2.1 Ion exchange materials

Most ion exchange materials consist of an osmotically inactive organic phase that
has fixed functional groups, providing the ion exchange properties for the
material. The osmotic inactivity means that the carrying matrix cannot migrate
to another phase. A simple example of such a system would be carboxylic acid
with a structure of CH3(CH2),COOH. The role of the hydrocarbon tail CH3(CH2)n
is to make the acid, and the resulting metal complex, insoluble to water due to
the long nonpolar sections. Carboxylic acids with extensive hydrocarbon tails
(e.g. n=20) can be considered as an organic polymer with one active carboxylic
acid group per molecule. These acids can act as an insoluble phase when
submerged into an aqueous solution. When submerged, the functional groups of
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the compound retain their active nature and are available for the ion exchange
interaction with the matrix surrounding them.?!

Here, the structure of the submerged solid carboxylic acid should be
considered. As it consists of solid particles with immobile functional groups, it is
likely that many of the functional groups are located inside the particles and
therefore, are not available for interaction with the ions in the solution phase.
This means, that only the functional groups close to the inter-phase boundary are
available for chemical interactions with the surrounding media. This interaction
can be expressed as shown in reaction (1), where R denotes the structural unit of
the compound that corresponds to the functional group.?!

R-X*+ Y* = R-Y* + X+ (1)

The situation considered here is naturally rather unfavorable if considering the
ratio of available functional groups to the mass of the material. Usually, ion
exchange materials are utilized as rather large (~ 500 pm) spherical particles.
Considering the amount of active functional groups relative to the total number
of functional groups present in said particle, a very minimal number of them are
available for interactions. This will naturally lead to a rather minimal ion
exchange capacity of the material, as the majority of the capacity is lost with the
non-reachable functional groups. These kinds of dense polymers have limited
usability for conventional ion exchange applications. They can still be utilized in
situations in which the maximum capacity of the material is not the main
concern.?!

Luckily, there are solutions to this challenge. As the problem is mainly
encountered due to having a rather unfavorable ratio of functional groups to the
size of the inactive hydrocarbon chain, it can be countered by increasing the
number of functional groups. However, if still considering the carboxylic acid
example, a new challenge emerges with the hydrophilic nature of these charged
functional groups. If their concentration in the compound is increased too much,
the polymeric molecule will become water-soluble. This will reintroduce the
problem that was initially solved by merely increasing the length of the
hydrophobic hydrocarbon tail of the compound.?!

This solubility challenge is often solved by cross-linking the polymer chains.
This cross-linking can be performed by using short hydrocarbon compounds that
act as bridges between the polymeric molecules containing the active functional
groups. This leads to a three-dimensional structure that is insoluble to water.?
Structure of a general cross-linked ion exchange material is depicted in Fig. 1.
The cross-linked structure allows the material to achieve a high degree of water
content while remaining insoluble. Hence, the structure allows the water
molecules and ions to migrate inside the swollen structure of the polymer. This
leads to most of the functional groups of the polymer being available for ion
exchange, which consequently leads to much higher capacity than with the
aforementioned dense polymers.?*
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FIGURE 1 General structure of a cross-linked ion-exchange material with carboxylic acid
functional groups.2!

Thus, when the maximum capacity of the material is crucial, the use of cross-
linked polymers with a high degree of functionalization is the optimal method.
Naturally, this is not always plausible, and even the dense polymers can be
effectively used for ion exchange interactions. However, in these applications,
the particle size of the dense polymer plays an important role, as by decreasing
the size of the dense polymer particles, the ratio of surface area to the mass of the
polymer increases. With small particles, reasonable capacities can be often
achieved. However, they still cannot directly compete with the capacity of the
cross-linked polymers.?!

Ion exchangers can be viewed as insoluble polymeric networks possessing
reversibly attached ions. The attached ions are called counterions, as they possess
the opposite charge of the functional groups of the ion exchange material. The
counterions can move within the swollen polymeric network of the material.
However, their movement has to be compensated by the movement of other ions
with the same charge to meet the electroneutrality principle.?!

Moreover, the ionic form of the ion exchanger has an important impact on
the performance of the material. The ionic form describes the counterions present
within the ion exchange material, which compensate the charge of the functional
groups. The counterions can be shown as follows:

R-H* + Na* = R~ Na*+ H?, )

where the material can be seen to initially possess H* ions and is thus in hydrogen
form. This is followed by a conversion to sodium form (2). Even though ion
exchange materials are often referred to as being in a specific ionic form, they
often contain a mixture of different counterions. This is evident as the ionic form
of the ion exchange material is inherently not an unchangeable property but
rather a way of expressing the presence of specific counterions inside the
structure.?

The reaction (2) depicts the basic operation principle of a cation exchange
material. These materials bear functional groups with a negative charge and,
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therefore, carry cations as counterions. Consequently, anion exchangers have
functional groups with a positive charge and interact with anions. Hence, the
polymeric structures of cation and anion exchange materials can be viewed as
macromolecular polyanions and polycations, respectively. In specific materials,
functional groups with both positive and negative charges can be present. These
materials are called amphoteric ion exchangers. Additionally, some of the ion
exchange materials are able to form chelate structures with the counterions.
These types of materials are called chelating resins and the chelate structures are
typically formed with metal ions. Strictly differentiating ion exchange resins from
chelating resins can be troublesome as some polymers can possess both chelating
and non-chelating properties. These properties are often altered based on the
nature of the chemical environment in which the material is placed.?!
Adsorbents are another material type pertinent to discussions regarding ion
exchange. Ion exchange closely resembles adsorption, since in both processes, the
solid phase scavenges dissolved species from the solution phase.?e However, the
main difference between the two phenomena is that the ion exchange follows
stoichiometric behaviour. For each ion removed from the solution, the equivalent
number of other ions with the same charge are moved into the solution phase.
Whereas, in adsorption processes and more specifically in physisorption, the
solute is being bound by the adsorbent in a non-stoichiometric way, without
necessarily being replaced by anything. There are, however, exceptions to these
definitions, as some ion exchange materials can possess adsorption-like nature
and some adsorption processes can also follow stoichiometry in their behavior.?!

2.2 Hydrocarbon structure

The aforementioned organic ion exchange materials always possess a three-
dimensional polymeric structure. This framework is referred to as a matrix. The
functional groups are then either directly incorporated in the polymeric chains
or later attached to the framework. Another option of functional group
attachment is via short hydrocarbon links, which are often called spacers.?!

As discussed earlier, usually the structure of the organic ion exchange
material consists of polymeric chains of molecules that are then cross-linked into
each other via short hydrocarbon chains. Divinylbenzene is the most commonly
utilized cross-linking agent. It is typically used to cross-link styrene polymers to
develop styrene-divinylbenzene matrices, which are widely used due to their
mechanically and chemically stable nature.?” Perhaps the most common type of
ion exchange material is a sulfonated styrene-divinylbenzene matrix (Fig. 2),
where the sulfonyl group can act as a cation exchanger.?
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FIGURE 2 Components of sulfonated polystyrene-divinylbenzene resin.?!

Another way of bringing diversity to the polymeric framework is by altering the
choice of cross-linking agent. Even just by altering the length - and inevitably the
flexibility of the cross-linker - the properties of the framework can be greatly
altered. A more flexible framework is often easier for the ions to migrate through,
and the more open structure also makes it possible for larger ions to enter the
framework for ion exchange interactions.?* The disadvantage of using long cross-
linkers is the reduction of the ratio of functional groups to the mass of the
material, which leads to a reduced maximum capacity of the material. Even
though the altering of the cross-linking agent might make it possible to perform
ion exchange with larger ions due to less steric hindrance, the choice of cross-
linker is typically not meant to alter the functionality of the functional groups.?!

Aside from choosing the cross-linker, the amount of cross-linking in the
material should also be considered. The degree of cross-linking can affect the
structure of the framework and thus the mobility of ions inside it.?> Materials
with a high degree of cross-linking are harder and often more stable, whereas
materials with a low degree of cross-linking can resemble gels.?? Ion exchangers
with a high degree of cross-linking often suffer from slower reaction kinetics if
compared to materials with a lower degree of cross-linking. Both materials have
their use cases and the alteration of the degree of cross-linking also gives the user
yet another option of altering the performance of the material.?!

However, cross-linking is not the only method of decreasing water
solubility of polymers with a high amount of hydrophilic functional groups.
Often a big factor contributing to the stability and water insolubility of these
materials is their physical knotting and tangling. Furthermore, a wide diversity
of weak interactions, such as hydrogen bonding and van der Waals interactions,
also take place and contribute to the stability of the polymers. Although a variety
of these kinds of polymers are known, their utilization is rather limited if
compared to more traditional cross-linked ion exchange materials.?!
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2.3 Functional groups

Ion exchange materials and non-functional polymers mainly differ due to the
presence of functional groups in the structure of the polymeric ion exchange
materials. A wide diversity of functional groups have been introduced into the
polymeric frameworks to acquire material with ion exchange properties.
However, if only commercially available materials are considered, the variety of
these materials is reduced greatly.?!

The properties of a specific ion exchange material are mostly defined by
their functional groups. The different types of functional groups can be roughly
divided into cation and anion exchangers, based on the charge they bear. Another
way to classify functional groups is to divide them into strong and weak
exchangers, based on their dissociation properties. An example of a strong cation
exchange group would be an acid that is completely ionized in the surrounding
aqueous solution. The analogue of sulfuric acid, -SOsH, group is often completely
ionized in the aqueous medium; therefore, the material associated with -SOsH
groups is a strong cation exchanger. Materials that have a specific working pH
range, due to that only specific pH range allows the functional group to exist in
ionized form, are considered as weak ion exchangers.

In the case of cation exchangers, the most common groups are the sulfonic
acid and the weakly acidic materials with the carboxylic acid -COO- groups.?®
Other types of cation exchangers are, for example, phosphonic and selenonic acid
groups.?* It should also be noted that different ion exchange materials with the
same functional groups can possess different chemical behaviors as the
hydrocarbon part of the ion exchanger can also impact the chemical properties of
the functional group. In the case of the anion exchange materials, most of them
contain nitrogen atoms as the proton acceptor to yield the positive charge.
Weakly basic anion exchangers often contain functional groups, such as -NHs*,
while strong-base anion exchangers often have the general structure of -N*(CHs)s.
Aside from the nitrogen-based anion exchangers, tertiary sulphonium -5*(CHs)2
and quaternary phosphonium -P*(CHjs)s are also utilized.?!

Besides the cation and anion exchangers, chelating polymers are also a very
common group of ion-exchange materials. However, not everyone considers
chelating polymers as a type of ion-exchange resins, as they do not obey all
classical definitions of ion exchange materials. While this may be true, many of
the functional groups that are categorized as chelates can possess exchange
functionalities without the chelating properties in certain situations. For example,
materials with iminodiacetic functional groups can act as chelates or as ion
exchangers as shown in Fig. 3 (top); classical cation exchange functionality,
where Na* ions are exchanged by K* ions, is shown for the iminodiacetic material.
The Fig. 3 (middle) shows typical behavior for weakly acidic cation exchange
materials, as the functional groups are protonated and the Na* ions are removed.
This interaction is also considered to be ion exchange. The Fig. 3 (bottom)
represents the chelating properties of the iminodiacetic acid group, where the
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complex is formed by the two coordinating -COO- groups and the Cu?* ion. This
interaction, as well as the ion exchange reactions, can be seen to follow
stoichiometry in a similar fashion.?!

/CH2COO'K+
R-CH,-N
* CH,COOK*
+2K 5 Na* 2
CH,COO'Na" . CH,COOH
7 +2H . R-C N/
RChy-N ong T RN
CH,COO Na' 2 CH,COOH
2 +Cu
\ /CHZCOO_
-2 Na R-CH,-N ------ cu”
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FIGURE 3 Different chemical interactions involving iminodiacetic functional groups: ion
exchange (top), protonation (middle), and chelating interaction (bottom).2!

2.4 Organic adsorbents

Besides the typical ion exchange materials, organic adsorbents are also a
compelling option when considering sorption processes. In addition to ion
exchange and other interactions, these materials rely on the use of a myriad of
different weak interactions. The most common weak interactions include van der
Waals forces, hydrogen bonds, and ni-t interactions. These sorption processes are
often based on physical adsorption of the compounds to the material. Therefore,
the specific surface area of organic adsorbents is crucial for their performance.
However, not all organic adsorbents possess high surface area and instead rely
on, for example, specific functional groups for interaction with their
surroundings. The organic materials can be used as obtained, but a more
common way of utilization is to enhance their adsorption properties by either
physical or chemical treatment.?8

Activated carbon is perhaps the most commonly utilized organic adsorbent
even though its use as a powdery or granular material on a larger scale is rather
challenging. While readily available, it is a rather expensive additive and has thus
led researchers to investigate the utilization of various waste streams as a source
for activated carbon. Several waste sources ranging from households to industry
wastes have been identified as potential options for activated carbon production.
The production method typically consists of two steps: carbonization and
activation. The carbonization is usually a multi-step pyrolysis process, which can
be optimized to yield carbonic material possessing different kinds of physical
properties. The carbonization process affects factors such as the pore structure
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and the surface area. After carbonization, the material has to be activated, which
can be done via physical or chemical methods.?

A popular example of another potentially promising adsorbent is chitin. It
is widely available in nature and is already produced at high quantities by variety
of industrial processes. Especially promising factor about chitin is that it can be
converted into chitosan, which has been demonstrated to be a rather effective
adsorbent for various applications. It has been reported to be a well-functioning
additive for both organic compound?-3! as well as metal ion3>-3> adsorption from
aqueous media.?8

The wide range of organic adsorbents*-42 and inorganic adsorbents#3-47
exist, but they will not be further reviewed here as properties of specific materials
do not fit the rather general scope of this introduction. As the work here is
primarily focused on the development of the method for anchoring the powdery
material onto an SLS 3D printed framework, a thorough inspection of the
materials themselves does not appear relevant. Moreover, a fundamental point
is that most of the organic adsorbents also suffer from the same challenges
encountered when trying to handle powdery materials.

2.5 Physical structure

As initially discussed above, the general structure of a typical ion exchange resin
consists of a three-dimensional, irregular, macromolecular framework of
hydrocarbon chains with attached functional groups. Both the framework and
the functional groups define the chemical characteristics of the material. The
physical structure of the polymer has a major effect on the chemical performance
of the material affecting properties such, as surface area, resistance to liquid flow
and mechanical stability of the material. Even kinetic and thermodynamic
properties of the ion exchange material are affected by the macroscopic structure
of the polymer.2!

Gel resins (Fig. 4) are a conventional type of resin that have relatively
homogeneous density throughout the polymer beads. They do not have a well-
defined pore structure as the porosity within these gel beads consists of the voids
present between the hydrocarbon chains.?> When the gel is swollen, the voids are
tilled with solvent molecules. Conversely, when the gel is completely dry, the
pores collapse and are practically non-existent. Consequently, the degree of
swelling also affects the properties and even the size of these materials.?

Another type of widely utilized materials nowadays are macroporous
resins. Contrary to gel resins, the macroporous resins consist of two different
phases. The first phase consists of gel regions containing the dense polymer
chains and a small amount of the solvent. The second phase is the permanent,
macroscopic pores that contain the solution from the surrounding media. The
diameter of the permanent pores typically ranges from 20 to 200 nm, whereas the
pores between the adjacent hydrocarbon chains are usually only about 0.5-20 nm
in diameter. Another significant difference between these two types of materials
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is that the macroporous materials possess rather consistent shape and that their
larger pores are unaffected if the material is dried.?!

FIGURE 4 Image of a gel-type resin with SEM image of the structure.

The structure of the macroporous resins can be highly advantageous if the
process is limited by the rate of diffusion because the diffusion of the solution
through the material is much faster in the case of the macropores, inside which
the solution is practically similar to the surrounding solution. The gel resins
display much slower diffusion kinetics, due to their physical structure. Another
advantage of the open structure of macroporous resins is the possibility for larger
molecules diffusing through the polymer.22 They are able to participate in the ion
exchange reaction in the macropores without having to try to diffuse into the gel
region. Another advantage of the rigid macroporous resins is their chemical
stability.?!

The density of the ion exchange materials is usually above 1 g cm3. When
comparing different types of swollen resins, cation exchange resins typically
have a higher density than anion exchange resins. Estimated densities for these
materials are 1.10-1.40 g cm-3and 1.01-1.10 g cm3, respectively. This difference in
densities can be utilized to separate cation and anion exchange resins from each
other. Challenges may arise, especially with anion exchange resins, if the density
of the resin is below that of the solution. This makes their utilization rather
inconvenient, especially in packed bed reactors.?!

Different processes often set specific requirements for the ion exchange
resins. Many of the packed bed techniques, such as the expanded bed technique,
require the exchanger resin to have a higher density than the surrounding media.
Researchers have tackled the problem with different approaches, with
incorporating dense inorganic material into the ion exchange material being one
of them. For example, TiO> particles have been combined with cellulose-based
material, to make it usable for anion exchange in an expanded bed process. In
this type of solution to the problem, the nature of the inorganic additive needs to
be carefully considered to avoid the introduction of unnecessary impurities to
the surrounding solution. Another way of solving the challenge would be using
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material with a dense inner core and porous exterior. However, these materials
are rare, and a more promising answer could be imprinting the whole ion
exchange material into another framework, which would hold the polymer beads
in place. This could remove the whole consideration about the density of the
material.?!

2.6 Ion exchange processes

Typically, ion exchange processes utilized on an industrial scale use either batch
or various types of resin bed-based processes, while ion exchange on a laboratory
scale is often conducted by using packed columns (Fig. 5). All of these methods
have the basic operation cycle of sorption, elution, and regeneration in common
but differ in the practical operation of the process. The simplest of these is the
batch method, where the ion exchange resin and the solution are mixed in a tank.
The reaction is allowed to reach equilibrium and the resin is separated from the
tank. After the process, the resin has to be either regenerated or disposed and
replaced by new resin. Batch processes are far less popular than the flow-based
processes when it comes to industrial applications, which could be due to their
challenging incorporation into already existing processes. Another issue is the
laborious operation of the batch process, since the ion exchange resin has to be
constantly removed from the solution and either regenerated or replaced in order
to process the next batch of the solution. Especially when dealing with large
quantities of solution, this becomes a crucial concern.*8

FIGURE 5 Image of a typical ion exchange column used on a laboratory scale.

Contrary to the batch process, the most widely utilized ion exchange process type
on an industrial scale is the fixed bed. These types of fixed bed processes usually
differ in how the solution flows through the bed. It can be either simply flown
from the top or bottom or by using a counterflow process, with the top-down
being the most common. Consequently, the up-flow process has the solution
flowing upwards from the bottom, through the fixed resin bed. The counterflow
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process combines the two types, by having the treatable solution flowing
downwards through the bed, whereas in the regeneration phase, the flow is
upwards from the bottom of the resin column. The fixed bed processes are
common due to their good throughput and operational simplicity. However,
usually the problems arise when the treated solution contains solid particles,
which hinders the flow of the solution through the column.*® Another challenge,
which is not limited to just fixed bed operation, is fouling of the resin. For
example, larger organic compounds can get entangled within the structure of the
resin, therefore hindering its capabilities. This can however be combated by
adjusting the amount of cross-linking in the resin or, for example, by treating the
resin with chloride solution between the operation cycles.?

The solution containing high concentrations of dissolved solids can be
treated by utilizing a fluidized bed column. This process combats the presence of
solids in the feed solution by having free pass ways for the solid particles through
the resin beads. This is achieved by passing the raw solution with relatively high
speed from the bottom of the column into the resin bed. This causes the resin
beads to start moving and swirling around the column, which then creates space
for the solid particles to move past the resin bed without significantly hindering
the flow of the process. Another type of ion exchange process, where the resin
bed is not strictly stationary, is the moving bed process, in which the ion
exchange beads and the solution are brought to flow through the system. This
type of process requires a lot less supplementary equipment and less space for
operation but also suffers from the instability of the process and the possible
mechanical deterioration of the ion exchange beads.*8

Naturally, the described processes do not represent all possible operation
types of ion exchange materials (e.g.,, membranes*’*’) but serve as a brief
introduction to the traditional ion exchange processes. What should also be
considered here are the challenges that are imposed upon these processes by the
wide variety of materials being available. Different types of resins are more
practical and economical to utilize in specific approaches; therefore, each process
has to be optimized for a specific material. Other common problems for all
column-based processes also include factors such as channelling, which is also a
concern in ion exchange processes.



3 3D PRINTING

Three-dimensional printing technologies have seen a major boost in
development due to growing interest in the field during the last decade.5!-54
Many of the techniques have become widely available even on a consumer level,
and awareness of the techniques has increased tremendously.5® These days, it is
not uncommon to see three-dimensional printers utilized even in elementary
education.>

Applications of three-dimensional printing have expanded vastly.
Previously, it was primarily used to make objects with mere aesthetical or
mechanical properties. Objects were usually small and of relatively rough quality.
However, these days, even entry-level machines are able to produce commercial
grade parts with relatively large dimensions.>” Nowadays, buildings can also be
3D printed.535458-60 This further shows the interest in exploring additional use
cases for 3D printing, aside from just small mechanical parts or aesthetic objects.
The importance of these applications should not be underestimated but there is
also a widespread inspiration to study additional, out-of-the-box applications for
the 3D printing techniques.

This search for novel applications has further been accelerated by the
myriad of 3D printing techniques available today.?* Whereas other techniques
offer possibilities of fabricating transparent objects®!, or objects with highly
customizable chemical compositions®263, others make it possible to 3D print
metal®4-%6. However, although 3D printing techniques have seen a major
development boost during the last decade, they are not meant to replace existing
production techniques. They should be viewed as supplementary production
techniques that can complete traditional production techniques and push them
forward.5® Therefore, the utilization of 3D printing techniques should also be
critically assessed and compared to traditional techniques to determine ideal
applications.

Typical 3D printing workflow can be split into four different sections. The
first section is the generation of the three-dimensional model of the object,
traditionally carried out by using a Computer-Aided Design-program (CAD) to
design the object to be printed. Another option is to download the model from a
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range of free file repositories available. The second step in the workflow is to
convert the three-dimensional model into a file format that the 3D printer is able
to read, namely G-code. This is done by using a slicer program, which essentially
splits the three-dimensional model into two-dimensional layers using the
settings defined by the user. The generated file is then transferred onto the 3D
printer to print the object. The last section, which is also widely dependent on the
3D printing technique utilized, is the post-processing of the printed objects. In
some techniques, no post-processing is needed, whereas in other techniques, the
post-processing is a crucial part of the workflow.

In the following sections, three different techniques of 3D printing will be
shortly reviewed. Even though there is a wide variety of techniques, the
following three can be viewed as the core techniques from which many others
derive. Additionally, chemistry-related applications of these techniques will be
shortly reviewed.

3.1 Fused Deposition Modelling

Fused Deposition Modelling (FDM) 3D printing is perhaps the most widespread
3D printing technique at the moment. The technique utilizes plastic filament as
the building material. The material is pulled from a spool into a hot end, where
it is extruded typically through a brass nozzle and is then laid down onto the
build plate. (Fig. 6) By moving either the build plate or the hot end, the object can
be built on a layer-by-layer basis.> There are different types of FDM 3D printers,
which basically differ by which part of the printer is actually moving during the
printing process. For example, in a Cartesian FDM 3D printer, the build plate
only moves on the vertical axis, and the hot end moves along the horizontal axes.

\ +«— Filament

S

+«— Hotend

+«— Nozzle

<— Build plate

FIGURE 6 Operating principle of an FDM 3D printer.
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As for the printable materials, FDM 3D printing has seen a major development
in the availability of materials. In the past, only very basic materials, such as
acrylonitrile butadiene styrene (ABS) or polylactic acid (PLA), were available.
PLA still remains the most utilized material due to being an inexpensive and a
beginner-friendly material, but the selection of different materials has widened
to also include plastics, such as polyethylene terephthalate glycol (PETG),
acrylonitrile styrene acrylate (ASA), and polyether ether ketone (PEEK).®”
Additionally, a new trend in these materials is the introduction of various
additives into the 3D printing material.®8-72 Filaments containing a wide range of
additives are readily available even on a consumer level. This further shows the
interest in the field to develop novel ideas for the techniques.

The reason why FDM 3D printing is the most commonly utilized technique
consists of a couple of key factors. The first one is ease-of-use and availability of
introductory guides. Moreover, entry-level FDM 3D printers are relatively easy
to use and widely available commercially.>* Additionally, FDM 3D printers are
usually rather compactly sized, and this, together with advancements in 3D
printing technology that have lowered costs for consumers - another key factor -
has further widened their usability and popularity.” Another attraction to the
FDM is that the built objects are often usable straight after the printing process,
without requiring much additional post-processing.”+

FDM 3D printing has traditionally been used to fabricate small mechanical
components and prototypes. It is still widely used for producing pieces that
would otherwise be challenging to fabricate. The availability of different
materials and improved technology of the machines have made the technique
capable of producing high-quality parts with helpful properties, such as
extremely good mechanical durability”® or even antimicrobial properties’s. The
aforementioned advancements in the availability, technology and the range of
available materials have made it possible to produce finished end products,
instead of mere prototypes, using FDM 3D printing. The utilization of the
technique has seen a major interest in a wide variety of different fields that could
make use of extrusion-based methods, such as the construction industry, which
is now looking into combining such methods into their line-up of building
techniques.>®

The chemistry-related applications utilizing FDM 3D printing are being
reported at an accelerating pace.””-80 The pure FDM 3D printing polymers are
often not optimal for chemical applications due to the low surface area, non-
porous structure, and poor thermal properties. Therefore, in many reported
applications that utilize extrusion-based methods, novel materials have been
developed with a specific application in mind. Catalysis is an example of a field
that has seen a major interest in the utilization of customizable, extrusion-based,
heterogeneous catalysts. In one case, a novel Cu/ALO; catalyst was prepared by
combining AbOs powder with an aqueous solution of Cu(NO3)2 - 2.5 H2O along
with viscosity modifiers. This resulted in a viscous ink which could be extruded
using a custom extrusion-based 3D printer to form cylindrical woodpile (Fig. 7).
After the extrusion, the printed object was post-processed by sintering the
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catalyst. It could then be successfully utilized for Ullman reactions to yield
imidazoles, benzimidazoles, and N-aryl amides. The 3D printed catalyst showed
mostly great yields (78-94 %) under relatively mild conditions.8! It should be
noted that when 3D printed catalysts are discussed, the ease of use and the
reusability of the catalyst are also key performance factors because - aside from
the customizable structure - they are the main practical factors that distinguish
the use of 3D printed catalysts from plain catalyst powder scenarios. In the case
of the Cu/ Al>Os catalyst, the 3D printed catalyst showed excellent reusability, as
the performance did not significantly decrease over the ten cycles performed.8!
The approach is not limited to just Ullman reactions as cycloaddition®,
crosscoupling®?, and even Biginelli®® and Hantzsch®® reactions have been
reported using catalysts that have been produced using extrusion-based methods.

Transition metal-catalyzed reactions
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FIGURE 7 3D printed Cu/AlLOs catalyst utilized for Ullman reactions. Reprinted from
Tubio et al. with kind permission from Elsevier.5!

The capabilities of the FDM 3D printing have also been noticed in many
applications that are indirectly related to chemistry. Examples of these are
situations where the printing method was used to produce highly customizable
reactionware. The technique was used to develop a protocol for fabrication of the
reactionware, which could be utilized for multistep organic synthesis. The sealed
reactor could be customized to fit the required reaction conditions and could
even include the catalysts for the reactions within the printed object.8* This
approach has also been extended to include the purification step of the synthetic
procedure within the one-piece reactor (Fig. 8) by compartmentalizing the
structure to allow controlled flow of the starting materials through the device.
The actual purification was performed by controlling the flow of the material
through a silica bed inside the reactor.8> Furthermore, this type of procedure has
also been extended to include the ability for in-situ monitoring by the use of
printed-in components for spectroscopic and electrochemical analyses of the
reaction.8 If considering practical applications outside the laboratory
environment, the ability to fabricate versatile and customizable reactionware
which are able to produce organic compounds, such as pharmaceuticals, could
allow for local drug manufacturing.8”
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FIGURE 8 3D printed reactionware with integrated catalysis and purification sections.8>
Reproduced from Kitson et al. with kind permission from the Royal Society of
Chemistry.8

Extrusion-based 3D printing methods have also been utilized in the field of
separation sciences even though as a field it has seen far less attention when it
comes to implementing 3D printing.88 Regardless, there have been some reports,
for example, for small molecule separation by utilizing FDM 3D printed
separators. This was demonstrated by using a composite filament, with part of it
being water-soluble. After the printing process, the object was rinsed with water
to dissolve the soluble portion of the object, thus leading to a porous object. Then,
researchers separated glimepiride from a water solution with great recovery
efficiency (82.24 %). Another significant point here is the ability to produce
porous materials, particularly given that FDM 3D printing usually produces
objects with smooth surfaces and non-porous structure. However, even by using
the composite material and dissolving one of the components to increase the
porosity, the specific surface area of the material remained rather low, as it was
reported to be around 1 m? g1.8

Another field of research that has really embraced 3D printing technology
is electrochemistry. There has been a vast range of reports regarding various
electrochemical applications.?-% Especially, the development of 3D printable Li-
ion batteries?-% and electrodes??® by using extrusion-based printing methods
have seen major interest lately. While many of these reports do not use FDM 3D
printing, the techniques utilized (e.g., Direct Ink Writing) can still be viewed as
extrusion-based. The focus of these reports has often been on the development of
novel, lightweight and ubiquitously available devices. The 3D printed objects can
range from Li-ion batteries to supercapacitors or even personalized
electronics.”12
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3.2 Stereolithography

Stereolithography (SLA) was the first 3D printing method developed and still
remains one of the most utilized 3D printing methods today. Unlike FDM, SLA
utilizes photopolymerization reaction to produce the objects. This places certain
limitations to the materials and applications available for the method. The
printing process consists of build plate lowering into a vat containing the highly
viscous photopolymerizable resin. The first layer of the object is formed as the
laser, operating at the UV-region, hits the resin, thereby initializing the
polymerization reaction, which turns that part of the resin solid. Subsequently,
the build plate is lifted and lowered, after which the process is repeated until the
object is built.” (Fig. 9)
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FIGURE 9 Operating principle of an SLA 3D printer.

As mentioned earlier, different 3D printing methods differ vastly in the amount
of post-processing required after printing. SLA is one of the methods requiring a
significant amount of processing after printing. After the object is built, it is still
covered in the unpolymerized resin and has to be washed extensively. Washing
is often done by using a series of ethanol or isopropyl alcohol and water rinses.
After washing, the object is still rather soft, and the polymerization process must
be finished - typically by inserting the objects into a UV-light containing chamber,
where the UV-light ensures the completeness of the polymerization process.
After this, the object is ready to be used.”

The requirement of the post-processing can be viewed as one of the main
challenges when considering the widespread use of SLA 3D printing. Another
factor is the safety-related challenges faced when handling the resin used as the
building material. This places requirements on the environment in which the
technique can be utilized in. While the aforementioned FDM 3D printer could be
usually comfortably placed even on an office table, the SLA 3D printer probably
should not be handled in an office environment.
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Another challenge with the utilization of the SLA 3D printer is the limited
amount of materials available for the technique. Naturally, the polymerization
process places requirements on the material: it must consist of appropriate
monomers and initiators at suitable concentrations. There are a variety of
commercial materials available, but many of them consist of modified acrylate
monomers and oligomers combined with a photoinitiator; therefore, the actual
variance between the available materials is quite limited. However, new types of
materials are continuously being developed.” As with the FDM 3D printing,
some variety to the available materials has recently been introduced by the
utilization of additives that give the resin new properties. One example of such
application is the introduction of nanoparticles into the resin, which leads to
nanocomposite objects.1® The utilization of additives is, however, much more
common when it comes to filaments made for FDM 3D printing,.

However, SLA 3D printing also has advantages over other printing
techniques. One of these is the high resolution obtained with the use of the laser.
The resolution is often considerably better than, for example, if comparing to a
part that has been produced using FDM 3D printing.>* The great resolution
allows for specific use cases, where the end result must have good surface finish
without visible layer lines. A good example of this is the jewelry industry, which
sometimes uses SLA 3D printing to fabricate a customized model of jewelry
before casting it in other material based on the model.” Another advantage of
the technique is the ability to print transparent objects (Fig. 10). The transparency
is naturally related to the printing process and the post-processing of the object,
but it is made possible by the often inherently transparent nature of the resin.
This feature has made it possible to even fabricate lenses with great optical
quality using SLA 3D printing.101

FIGURE 10 Image of an SLA 3D printed transparent lens.

As can be seen from the previous examples, the SLA 3D printing is a technique
that is often utilized on a commercial, rather than on a consumer level. This is
due to the safety challenges and because the price of the machines is often
considerably higher than entry-level FDM 3D printers. However, there is another
3D printing technique available that utilizes a very similar process to SLA 3D
printing and is often more affordable. This technique is called Digital Light
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Processing (DLP) 3D printing, where the laser is replaced with high power LED
sources, which are used to cure an entire layer of the object at once. This makes
the technique often faster, usually at the cost of resolution, than traditional SLA
3D printing 56102103

If considering the possible applications of the technique within the field of
chemistry, the nature of the resin places some limitations on what can be done.
However, it also makes it easy to incorporate either chemically active or passive
components into the resin or modify the composition of the resin to fit a specific
application.’ This has been exploited in many different approaches ranging
from optical devices!® to metal separators®. The SLA 3D printing method has
actually seen quite a significant use when it comes to separation sciences.”888106

A good example of this is the preparation of a preconcentrator device for
trace elements from seawater. This approach was used to tackle the problem of
accurate determination of metal concentrations from as challenging a matrix as
seawater. Analytical methods, such as Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES) or Inductively Coupled Plasma Mass
Spectrometry (ICP-MS), allow high-resolution analytics to be performed, but
even then, the trace amounts of metals present in the seawater might require
preconcentration methods to be accurately determined. This problem was solved
by utilizing acrylate-based 3D printing resin to fabricate the preconcentrator
device. The chemical functionality of the carboxyl groups was used to extract a
series of metals (Mn, Ni, Zn, Cu, Cd and Pb) from the seawater. The method
managed to remove the challenging salt matrix from the sample as the metals of
interest were held up by the preconcentrator, while the rest of the solution flowed
through. This was followed by the elution and analysis of the metals. As a whole,
the utilization of the preconcentrator allowed the accurate analysis of the metals
with detection limits rivaling those of the more conventional methods
available.1%”

A similar approach has been utilized to prepare a solid-phase extraction
(SPE) device for accurate analysis of iron from water samples by using a
multisyringe flow injection analysis (MSFIA) system. The method utilized SLA
3D printing to produce part of the SPE device containing a commercial chelating
disk (3M Empore), responsible for the scavenging of the Fe(IlI) after the oxidation
process. Next, Fe(IIl) was eluted from the 3D printed SPE disk and analyzed by
using a spectrophotometric detector connected to the MSFIA system. The
analysis method achieved a remarkable detection limit of 7 ng for the total iron
present in the samples.108

In addition to the iron determination, a similar approach has also been used
for preconcentration and determination of Cr(VI). Here, SLA 3D printing was
utilized to produce an SPE device that could be used in combination with the
MSFIA system. In the reported system, the Cr(VI) is first complexed with 1,5-
diphenylcarbazide, which is then bound by the sulfonic acid groups present in
the SPE disk. The method achieved a detection limit of 1 ng for the total Cr(VI)
in the sample.!® In summary, these kinds of systems aim at the automation or
the improvement of the analysis method by utilizing 3D printing. And while 3D
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printing is utilized in the studies, the role of the method is often rather indirect
when it comes to actual chemistry being performed.

Another application, utilizing essentially SLA 3D printing is the so-called
4D printing of materials. The fourth dimension often relates to an additional
property, such as the ability of the material to return to its original shape under
certain conditions. This has been demonstrated by the preparation of tailorable
shape memory polymers. The materials were able to alter their shape in response
to temperature. When the temperature was lowered, the object would take up a
certain shape, followed by the return to the original shape after the heating
process. This was made possible by tailoring the chemical composition of the
printing material and therefore serves as a good example of successful targeting
of specific applications by altering the chemical characteristics of the printing
material.110

3.3 Selective Laser Sintering

3.3.1 Printing technique

The third, and final, 3D printing method that will be shortly reviewed here is
Selective Laser Sintering (SLS) 3D printing. Like SLA 3D printing, it utilizes a
laser in the printing process, but instead of polymerization it uses the laser to
sinter the building material. The material used is in the form of small, spherical
polymer beads. The printing process includes the heating of the chamber
containing the building material near to materials melting point, after which the
high-powered laser is used to selectively sinter layer of the object. Next, a thin
layer of the powdery building material is laid down on the build plate, containing
the previously sintered layer, and the whole process is repeated. (Fig. 11) In the
end, the whole object is built into the powder bed.>¢

Laser <«— Scanner

Recoater

Powder tank l
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FIGURE 11 Operating principle of an SLS 3D printer.
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Building the object into the excess powder comes with both advantages and
challenges. The main advantage is the fact that SLS 3D printed objects do not
need any support structure. This is not the case with most of the other printing
methods. For example, if using FDM or SLA 3D printing and the object has steep
overhangs, they have to be supported by building specific support structures as
the printer cannot insert building material mid-air. These support structures are
removed after the printing process. As the whole object is built into the
surrounding powder, SLS 3D printing does not require any supports. However,
the use of excess powder also provides challenges. As the whole build plate must
be filled for the whole height of the object, the printing process often requires
significant amounts of material if compared to the mass of the object being built.
Luckily, the excess building material can often be reused, at least to a certain
extent.>®

The material selection for SLS 3D printing was previously heavily
dominated by the use of polyamide-12 (PA12). Due to its affordability, wide
availability, good mechanical properties, and easy printability, it was an industry
standard for a long period of time and remains one of the most utilized materials
alongside polypropylene (PP), polyurethane (PU), and polystyrene (PS), which
are also gaining popularity. As with FDM and SLA 3D printing materials, SLS
materials have also been customized with special additives. Anything from
carbon fibers to small glass beads have already been introduced into the
commercially available materials. This is a rather easy process, as the main
requirement for the additive is a suitable melting point range so that it would not
disturb the melting process of the powdery polymer. Another requirement is the
grindability into relatively small particles as the spherical polymer particles used
are often around 50 pm of diameter.5® However, with these requirements met,
the so-called material synthesis is as simple as merely mixing the two materials
at the desired concentrations. This makes the SLS 3D printing a very attracting
printing technique if the customizability of the material is of interest.

Naturally, SLS 3D printing is not without its challenges. If from the
previously reviewed techniques, FDM 3D printing can be used in an office setting
and SLA 3D printing requires a bit more specific space, SLS 3D printing definitely
requires a dedicated space for its use. This is mainly due to the use of the
powdery starting material. Even though the materials themselves are often
harmless, everyday polymers, such as PA12, the use of the 50 um particles
requires special attention when it comes to factors such as ventilation. Such a
consideration is particularly important given that the handling of the powder is
not just in the beginning of the printing process, as the SLS 3D printer is also filled
with the powder. When the process is done, the printed object has to be dug from
the powder. At this point, the object is still completely covered in unsintered
powder, which must be removed (Fig. 12). This naturally places requirements
even on the place where the parts can be cleaned, as excess spreading of the
building material should be avoided. Therefore, SLS 3D printers are often
utilized in an industrial setting or in specific laboratories. The considerably
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higher price of SLS 3D printers also limits their use to commercial or research
environments.

FIGURE 12 Image of the SLS 3D printed object prior to and after the removal of the
unsintered powder left from the printing process.

One major advantage of SLS 3D printing is the customizability of the objects. Due
to the inherent ability to customize the physical shape of 3D printable objects,
different structures can be designed into the objects, but SLS 3D printing enables
an even finer level of control over the structure. This control is achieved through
altering the level of sintering by adjusting the printing parameters, such as laser
power, laser speed, and temperature. This will alter the degree of melting within
the material. By using high laser power and high temperature, and therefore high
energy density, the material can be completely molten, producing a dense
structure. Consequently, by using settings that result in a lower energy density,
objects with porous interior structure can be produced. Depending on the
application, this feature can be rather crucial, as it allows the fabrication of objects
that can, for example, allow fluid to pass through them.11111-115

This alteration of the interior structure of the SLS 3D printed objects is what
makes the technique an appealing option if compared to the aforementioned two
techniques. With FDM 3D printing, the inner structure of the produced objects is
inherently non-porous as the filament used as the building material is completely
molten during the extrusion process. The same problem remains with SLA 3D
printing: the physical inner structure cannot be controlled as the polymerization
process leads to completely dense objects without the ability for solvent
permeability without designed flow channels. SLS 3D printing provides the user
with the ability to alter the physical structure by both designing the object and
by altering the utilized energy density and, therefore, the degree of sintering
during the printing process.114115

In addition to this, the degree of sintering and thus the porosity of the object
can be controlled even within a single object. For example, higher energy density
could be utilized for the outer parts of an object to produce a solvent
impermeable layer around the object. This could be combined with the use of low
energy density, by which one could produce porous structures for the inner parts
of the object. This would allow the production of solvent permeable structures.
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(Fig. 13) Hence, the solvent flow through the object could be controlled by
determining which parts of the object are permeable and to what degree.116

Porous structure

Solvent impermeable
walls

FIGURE 13 Image of the SLS 3D printed object where the walls have been printed using
high energy density, thus making them solvent impermeable. The core of the
object has been printed using lower energy density which leads to porous
structure.

Due to the highly alterable inner structure of the objects, SLS 3D printing gives
the user immense control over the physical properties of the printed objects.
When the high level of control is combined with the easy customizability of the
building material, even more control over both physical and chemical
characteristics of the object is gained. This allows the objects to be fully
customizable to specific applications. Especially, if chemistry-related
applications are considered, a high degree of customizability makes the SLS 3D
printing technique a rather tempting choice.

If the SLS 3D printed objects are compared to typical sorbents discussed
throughout section 2, a myriad of similarities can be observed. In a sense, SLS 3D
printing enables the fabrication of larger-scale sorbent materials, with much of
the same properties as typical sorbents. Whereas with classical ion exchange
resins the degree of cross-linking is discussed as a way to alter the porosity and
flow properties, with SLS 3D printing, those characteristics can be controlled by
customizing the printing parameters; the same applies for the discussion
regarding the functionalization. With classical sorbents, the material is either
functionalized by preparing the resin from functional components or by
performing post-processing steps for functionalization. In the case of SLS 3D
printing, the object is also either fabricated from already functionalized material
or functionalized after the printing process. The added ability of being able to
customize the physical characteristics makes the technique essentially a
fabrication method for highly customizable sorbents, just on a larger scale than
the more traditional materials. In addition to separation processes, SLS 3D
printing has already been utilized for a variety of other applications.
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3.3.2 Applications

Although the SLS 3D printing technique appears promising, it has received far
less attention when it comes to chemistry-related research than the other
previously discussed 3D printing techniques. This is probably not so much
because of the characteristics of the technique, but more due to its availability
and higher price of the technique. Regardless of the improvements, the technique
is still considerably more expensive than the other 3D printing techniques.
However, lately as the technique has become more available, there has been
increasing interest for its use due to the unique characteristics it has in terms of
the control of the structure of the printed objects. There have been reports
discussing the use of SLS 3D printing for personalized medicine, microfluidic
devices, and biotechnology,%103117-119 while other chemistry-related fields are yet
to receive the same level of attention.

Lately, the SLS 3D printing has been reportedly introduced into several
chemistry-related applications, such as electrochemistry'?, gas adsorption'?,
and catalysis'?. From these, the report focusing on the fabrication of
customizable electrodes (Fig. 14) utilizes a similar approach than the previously
discussed extrusion-based methods. It combines the base building polymer with
graphite, thus forming a conductive composite material that can be printed by
using SLS 3D printing. The advantage this method has over the extrusion-based
methods is the inherently customizable porosity (Fig. 14) of the physical structure
of the printed objects as well as the immensely easy material synthesis. The
process of generating the material simply consists of mixing the polymer powder
with the graphite powder. By altering the polymer used and by changing the
concentration of the graphite in the material, the conductivity of the printed
objects could be altered. The optimal mixture reported was 60 wt-% PS, combined
with 40 wt-% of graphite. By combining the optimized printing parameters with
the optimized material, highly macroporous objects with conductivities of up to
4.3 S m-! were observed. While the reported conductivity is rather low, it could
potentially be improved by changing the graphite to another carbon-based
material with better electric conductivity. Additionally, it was mentioned that the
method could produce flexible electrodes if PU was used as the host polymer.
The electrodes were able to alter their conductivity based on the mechanical
stress they were placed under. This would make it possible to utilize the
electrodes as sensors. Furthermore, it shows how both the properties of the
carrying matrix polymer and the additive can be combined to produce novel
objects for electrochemical applications.!20
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FIGURE 14 Image of the SLS 3D printed highly porous electrodes and SEM image of the
porous structure of the surface of the electrode.

Another potential reported application is SLS 3D printed gas adsorbents. This
approach incorporated Metal-Organic Frameworks (MOFs) into the printing
material (Fig. 15). This work utilized commercial copper(ll) benzene-1,3,5-
tricarboxylate (HKUST-1) as the MOF which was combined with the PA12
polymer by simply mixing the two components together to form the building
material for SLS 3D printing. The MOF was shown to be evenly distributed
throughout the structure of the 3D printed objects. Additionally, the structure,
activity, and the morphology of the MOF crystals were shown to be unaffected
by the printing process. The printed objects were shown to be able to act as CO:
scavengers under laboratory conditions. The report further demonstrates the
ability of the technique when it comes to easy incorporation of lab-scale materials
into actual macroscopic objects. New MOFs or other synthetic materials could
easily be prepared on a lab-scale and incorporated into customizable objects. This
would considerably shorten the development cycle needed for a lab-scale
material to be implemented in practical applications.12!

FIGURE 15 Image of the SLS 3D printed PA12-MOF object. HIM images show the MOF
crystals in the porous structure of the PA12-MOF object. Reproduced from
Lahtinen et al. with permission from John Wiley & Sons.121
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Fabrication of highly porous hydrogenation catalysts using the SLS 3D
printing has also been reported. This study combined the highly inert
polypropylene powder with SiO> powder that contained palladium particles.
Together they formed effective hydrogenation catalysts that were shown to be
efficient in the hydrogenation of styrene, cyclohexene, and phenylacetylene. The
objects were printed in the shape of stir bar sleeves (Fig. 16) so they could be
utilized by simply inserting them onto a stir bar when the catalytic reaction was
taking place. The performance of the 3D printed stir bar sleeves was compared
to the performance of the SiO, powder with the palladium particles. The study
found that the SLS 3D printing did not negatively affect the hydrogenation
activity of the catalyst. Furthermore, the reusability of the 3D printed catalyst was
also studied and found that it does not significantly reduce on consecutive
reactions. Therefore, the SLS 3D printing seems like a promising candidate for
the preparation of customizable catalytic objects of any shape or size.??

FIGURE 16 Image of the SLS 3D printed hydrogenation catalysts in the shape of stir bar
sleeves. HIM image of the structure of the printed catalyst. Reproduced from
Lahtinen et al. with kind permission from the American Chemical Society.122

With the variety of applications discussed here, it seems evident that SLS 3D
printing can be effectively utilized in several ways, even with rather rudimentary
approaches. The effectivity of such simple approaches also further suggests that
SLS 3D printing boasts more potential when it comes to chemistry-related
applications. Further applications relating to the metal separation studies will be
discussed in the results section of this thesis.

To conclude, all the different printing methods all have their advantages
and disadvantages, and as their utilization in the field of chemistry becomes more
prominent, each technique is likely to find its most suitable application. The
printing principle and their strengths and weaknesses are concluded in Table 1.
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Table 1. Advantages and disadvantages of different printing methods.

Printing

materials

method Principle Pros Cons
Simplicity
Inexpensive Filament harder to
equipment customize
FDM Filament extrusion Easy to get Resolution
started Objects typically
Wide range of nonporous
materials
High resolution
Objects can be
optically Material handling
Laser induced transparent Requirements set by
SLA photopolymerization Easy to photopolymerization
of resin introduce Objects typically
additives nonporous
Inexpensive
equipment
Customizability
of the material
L nduced Adjustable Material handling
SLS | aserinduce porosity and Cost of the
sintering of particles .
structure equipment
Wide range of




4 AIMS OF THE STUDY

The aim of this thesis was to further explore the potential of chemically functional
3D printing. Other printing techniques have seen some interest in research
regarding chemical functionality of printed objects, while SLS 3D printing has
been mostly underutilized technique, despite of its potential. Therefore, the use
of the SLS 3D printing in the development of highly customizable metal
separation devices was studied. This included investigating the following aspects:

e ability to fabricate chemically functional devices with SLS 3D printing;

e introduction of desired functionality into the building material via
the use of additives;

e metal separation efficiency of SLS 3D printed objects;

e customizability of the microscopic structure of printed objects with
parameter optimization;

e separation of platinum group metals from the PCB waste; and

e ability to use PCB waste as the gold source for preparation of printed
catalysts.



5 EXPERIMENTAL

This chapter briefly introduces the workflow of chemically functional SLS 3D
printing as well as some of the experimental procedures that were employed
throughout papers I-III.

5.1 Chemically functional SLS 3D printing

The general workflow of preparing chemically active SLS 3D printed objects
consisted of three steps: designing the object, preparing the building material,
and the actual SLS 3D printing. The first step was rather similar across printing
different materials, as the objects to be tested on a lab-scale were rather simple.
Generally, cylinder-shaped filters were used for metal separation studies.
However, for paper I, objects with a designed mesh structure were utilized (Fig.
17). After the CAD design process, the objects were sliced into G-code by utilizing
a slicer program. While the CAD design phase made it possible to plan out the
structure, shape, and size of the object, the slicing phase gave more control over
the fine structure of the object, as features such as layer height can be determined.

3D
Printing
_—

CAD-design Slicing the object
of the object for printing

3D printed object

FIGURE 17 Workflow of the 3D printing starting with CAD-design of the object and
followed by generation of G-code via slicing and 3D printing,.
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The preparation of the building material for an SLS 3D printing process is often
relatively simple. Typically, the hybrid material consists of chemically-passive
carrying polymer and a chemically-active additive. However, it is also possible
to use chemically functional carrying polymers. The components are then simply
mixed together. Nearly anything can be utilized as a functional additive, as long
as the melting point of the additive is higher than that of the carrying polymer.
Even this limitation can often be circumvented due to the range of different
printing polymers. Another requirement for the additive is that the particle size
should be rather small. As the printing is usually done using a layer height of
around 100 um, the particle size should be less than that.

Once the object for the 3D printing has been designed and the building
material has been prepared, the printing parameters have to be determined.
These parameters greatly affect the physical characteristics of the result and thus
should be optimized for the targeted application. Typically, parameters, such as
the laser power and speed as well as the temperature and cooling rate, are
adjusted to obtain chemically functional objects with the desired physical
characteristics. The parameters affect the physical structure of the printed object
especially in terms of porosity. After printing, any unsintered powder from the
printing process that might remain on the surfaces of the objects is simply cleaned
off. They are then ready to be utilized without further post-processing. The
general workflow of SLS 3D printing of chemically functional objects is shown in
Fig. 18.

T

Active or Passive Active Additives

host polymer ¥ . Provides chemical functionality
+ Porous framework Mixing . Very minimal limitations on what
. Wide range of can be used

polymers available
Building Material

Customizable Physical Customizable Shape &
Properties Selective Laser Structure
. Alterable porous structure Sintering . Alterable shape and size
via printing parameter P . Customizable structure
optimization 3D Printing allows easy process design

« Ability to customize the
flow-through properties

Chemically Functional Objects

. Properties of the additive and the host
polymer

.Customized physical structure and
properties

FIGURE 18 Scheme of the workflow of the chemically functional SLS 3D printing.
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5.2 Utilization and characterization of the printed objects

5.21 Characterization of the SLS 3D printed objects

The characterization of the printed objects was done using several different
methods. The porosity and the overall visual structure of the objects were
examined by using both Scanning Electron Microscopy (SEM) and Helium Ion
Microscopy (HIM). They both allowed the study of the general physical
characteristics of the objects. As for the printed objects with additives included,
especially HIM was utilized to study the distribution and attachment of the
additive particles onto the carrying polymer matrix.ll

Further insight about the structure and in particular the porosity of the
object was gained via X-ray tomography. It was used to further study the
homogeneity of the printed object in terms of the porosity and additive
distribution. With further analysis, the total volume of the pores, as well as the
average diameter of the pores could be determined.!

When studying the printed nanocatalysts, several techniques were utilized
to gain information about the size and distribution of the particles. First, HIM
was used for high-resolution imaging to obtain a rough estimate of the size of the
nanoparticles as well as to study the dispersion of the nanoparticles on the
surfaces of the objects. Next, Powder X-ray Diffractometry (PXRD) was applied
to further confirm the estimation about the particle sizes. This was followed by
Single Particle Inductively Coupled Plasma Mass Spectrometry (SP-ICP-MS),
which allowed for more accurate determination of the sizes of the nanoparticles.
Additionally, Scanning Electron Microscopy Energy Dispersive Spectrometry
(SEM-EDS) was utilized as spectral profiling was found to be a rather conclusive
method of studying the dispersion of the gold nanoparticles on the surface of the
object.ll

5.2.2 Metal adsorption experiments

For the metal adsorption experiments, both synthetic and authentic samples were
utilized. The synthetic samples were prepared by diluting metal stock solutions.
The authentic PCB samples were first milled down to fine particles followed by
thermal treatment at 950 °C for 4 hours. The ashed PCB sample was then
dissolved by using ultrasound assisted aqua regia leaching. The dissolved PCB
sample was diluted with ultra-pure water prior to use for metal adsorption tests.
LI

In general, a known volume of the sample solution was flown through the
printed object for the metal adsorption tests. As for the batch processes, the
printed objects were placed in a shaker with the sample solution. The adsorption
efficiencies were determined by measuring the initial metal concentrations in the



47

solution and by comparing them to the metal concentrations observed after the
experiment. I-1II

All metal concentrations were measured with a PerkinElmer Optima 8300
Inductively Coupled Plasma Optimal Emission Spectrometer (ICP-OES) using an
argon gas flow of 8 L min-!, nebulizer gas flow of 0.6 L min-!, auxiliary flow of 0.2
L min’, and a sample flow rate of 1.5 mL min with a radio frequency power of
1500 W. For the measurements, the ICP-OES was equipped with a cyclonic spray
chamber and a GemCone low flow nebulizer. For paper I, the analyzed metals,
the wavelengths, and other method details are represented in Table 2.

Table 2. ICP-OES measurement method details.!

Calibration | Calibration
. . range for range for
Metal Wavelength | Axial / Radial syn%hetic lea%he d R
(nm) VIew solutions PCB value

(mgL?) | (mgL?)
Au 242.795 Axial 0.1-10 0.1-10 >0.9999
Pd 340.458 Axial 0.1-10 0.1-10 >0.9999
Pt 265.954 Axial 0.1-10 0.1-10 >0.9999
Ni 221.648 Radial 0.2-20 1-100 >0.9999
Al 396.153 Radial 0.1-10 0.5-50 >0.9999
Cr 267.716 Axial 0.1-10 0.5-50 >0.9999
Pb 220.353 Axial 0.1-10 0.5-50 >0.9999
Zn 206.200 Radial 0.2-20 1-100 >0.9999
Sn 189.927 Axial 0.1-10 0.5-50 >0.9999
Fe 238.205 Radial 0.2-20 1-100 >0.9999
Cu 327.393 Radial 0.2-20 1-100 >0.9999

For paper II, the ICP-OES operating parameters were identical but small
alterations were made to the measurement methods and calibration ranges of the
metals as shown in Table 3. These modifications were made to avoid
unnecessary dilutions and to allow the study of specific methods for recovery
and elution studies.!
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Table 3. ICP-OES measurement method details. I

Axial Calibration | Calibration izlgbiaﬁgin
Wavelength / range for | range for lea%hed R
Metal v & . elution recover
(nm) Radial y PCB value
view studies studies sample
(gl | (mglh) | OT
Au 242.795 Axial 0.1-10 0.1-10 0.1-10 >0.9999
Pd 340.458 Axial 0.1-10 0.1-10 0.1-10 >0.9999
Pt 299.797 Axial 0.1-10 0.1-10 0.1-10 >0.9999
Ni 221.648 Radial 0.1-10 1-100 1-100 >0.9999
Al 396.153 Radial 0.1-10 1-100 0.5-50 >0.9999
Cr 267.716 Axial 0.1-10 1-100 0.5-50 >0.9999
Pb 220.353 Axial 0.1-10 1-100 0.5-50 >0.9999
/n 206.200 Radial 0.1-10 1-100 1-100 >0.9999
Sn 189.927 Axial 0.1-10 1-100 0.5-50 >0.9999
Fe 238.205 Radial 0.1-10 1-100 1-100 >0.9999
Cu 327.393 Radial 0.1-10 1-100 1-100 >0.9999

5.2.3 Preparation of the printed nanocatalyst and the catalysis experiments

The printed nanocatalysts were prepared by adsorbing tetrachloroaurate onto
the printed PA12 plates. The plates were then reduced to produce the
nanocatalyst. This was done by contacting the plates with different reducing
agents, namely NaBHy, ascorbic acid, and H>O,. Additionally, thermal treatment
at 110 °C and UV-light reduction were also utilized as reduction methods. The
reduction time was altered for each reductant depending on the reduction
efficiency. After the reduction, the printed nanocatalysts were rinsed with water
prior to use.lll

For the catalysis experiments, a 0.1 mM 4-nitrophenol solution was
prepared. For the reactions, known volume was taken and combined with excess
of NaBH4, and a printed nanocatalyst was added. The reactions were stirred for
2 hours, after which the completeness of the reduction into 4-aminophenol was
monitored by a UV-Vis spectrometer, as 4-nitrophenol has a characteristic
absorption peak at 400 nm, which diminishes as it is reduced into 4-
aminophenol .l



6 RESULTS AND DISCUSSION

This chapter discusses the results and findings from the three papers included in
this thesis. Papers I and II focused on selective separation of gold, palladium,
and platinum from acidic leachate of PCB waste by utilizing SLS 3D printed
tilters. In paper 111, a different approach was taken, where waste-derived gold
was adsorbed into SLS 3D printed filters, followed by direct conversion into
functional nanocatalysts.

6.1 Selective recovery of Au from acid leached PCB waste!

6.1.1 Preparation and characterization of SLS 3D printed filters

The preparation of SLS 3D printed filters for selective recovery of gold as
tetrachloroaurate included following the general printing procedure by using
pure PA12 as the building material. The filters were designed to have an inner
mesh structure that was controlled by CAD design (Fig. 19). The inner structure
of the filters allows for a high flow rate of the passing fluid while still disturbing
the flow enough to enhance the contact of the fluid with the chemically active
surfaces of the printed PA12 filter. The filter components were designed to be
interconnectable to be able to easily alter the amount of gold scavenging material
present in the flow application. In addition to the filter-shaped object, cubic mesh
structures were also designed for batch process testing (Fig 17 and 22 (right)).
After the design, the objects were manufactured using pure PA12 as the building
material. Parameters were optimized so that they led to durable, yet highly
porous objects.
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FIGURE 19 CAD drawings of the PA12 filters.

SEM and HIM were utilized for the characterization of the produced objects. The
SEM analysis of the material was initially carried out. Due to the highly
nonconductive nature of the printed objects, the objects had to be covered with
gold to reduce the charging effect observed due to the imaging technique.
Regardless of the remaining charging effect, the structure of the 3D printed PA12
filters can be seen to have a highly porous structure (Fig. 20 a.). If the structure is
inspected more closely, the PA12 particles can be seen to have retained their
particle-like nature and only be partially sintered to each other to form the solid
object (Fig. 20 b.)

FIGURE 20 Overall (a.) and zoomed in (b.) SEM images of the surface of the SLS 3D
printed PA12 objects.

HIM imaging typically allows for more resolution, even with nonconducting
samples. From the HIM images, the structure could be observed more clearly. It
is evident, that the PA12 particles still retain their roughly spherical shape when
optimal printing parameters were utilized. It could even be seen, that by altering
the amount of laser power, the porosity of the structure could be altered
significantly. As the lower laser power is utilized, the lower energy density leads
to a highly porous structure (Fig. 21 a.). When using higher laser power, a
practically nonporous structure is obtained (Fig. 21 b.) Thus, the structure of the
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SLS 3D printed filter could be controlled on two separate levels: on a macroscopic
level by altering the design of the object in CAD, and on a microscopic level by
optimizing the printing parameters to match the desired porosity of the object.

FIGURE 21 HIM images of the surfaces of PA12 objects that have been printed using lower
laser power (a.) and higher laser power (b.).

6.1.2 Selective separation of Au

As the idea of developing the chemically functional SLS 3D printing method was
that the resulting objects would possess the chemical functionalities of its
components, the testing of the properties of the components can also be carried
out prior to the actual printing of the material. Therefore, the functionality of the
PA12 powder was analyzed as it is the most commonly utilized SLS 3D printing
polymer. The experiment was performed by contacting the powdery PA12
material with both synthetic and authentic acid leached PCB waste. The synthetic
leachate was prepared to roughly simulate the metals concentrations present in
acid leached PCB waste. The synthetic sample was used for most of the
experiments as the authentic PCB waste can be highly heterogeneous; therefore,
the use of synthetic solution allowed more reliable estimation of the performance
of the SLS 3D printed filters. The authentic sample was prepared by performing
ultrasound-assisted leaching of crushed and ashed PCB waste with aqua regia.
The obtained leachate was then diluted in a 1:1 ratio prior to the metal adsorption
experiments. The metals and their concentrations in both of the samples are
represented in Table 4. After the experiments, [CP-OES was utilized to determine
the metal concentrations before and after the treatment of the solution with the
PA12 as described in section 5.2.2.
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Table 4. Metal concentrations of the synthetic and authentic PCB leachates.!

Concentration | Concentration
Metal | synthetic solution | PCB leachate
(g L) (mg L)

Au 5 70

Pd 5 40

Pt 5 <5

Cu 100 25 000

Fe 100 2700

Ni 100 1600

n 100 1700

Al 50 500

Cr 50 190

Pb 50 500

Sn 50 850

For both the synthetic and authentic sample, PA12 was found to be extremely
selective towards gold as tetrachloroaurate. It was observed to adsorb the gold
nearly quantitatively (96.4 %) while only adsorbing trace amounts of the
platinum (4.6 %) and none of the other metals present in the samples (Fig. 22).
The material was found to perform in a rather similar manner in synthetic and
authentic samples. All in all, PA12 was found to be highly efficient in separating
tetrachloroaurate from extremely challenging media containing high
concentrations of competing cations and anions.

m Synthetic
Solution

Recovery (%)

m Electronic
Waste

FIGURE 22 Metal recovery profiles of the PA12 powder from synthetic and authentic
electronic waste solution.!
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As the powdery material had desirable performance, it was SLS 3D printed into
the aforementioned filter shaped objects and mesh cubes for batch process testing
(Fig. 23). The mesh cubes were tested for batch processes by contacting them with
the synthetic sample solution. They were found to perform identically to the
unprinted PA12 powder as they selectively and nearly quantitatively (90.4 %)
adsorbed the gold from the solution without significant adsorption of any of the
other metals. In addition to the batch process, the usability of the SLS 3D printed
objects in flow applications was tested by first passing a sample through one 3D
printed PA12 filter (as shown in Fig. 23 (left)). This resulted in 27.2 % of the gold
being adsorbed. As the number of filters was increased to 3 and 10, the gold
adsorption efficiency increased to 47.8 % and 82.7 %, respectively. Even with the
longest filter consisting of 10 separate filter pieces, the contact time with the
solution and the filter remained under 30 seconds. Therefore, the performance of
the filters could be even further improved by either making the column longer or
by altering the flow-channel structure of the filters. The gold could be eluted from
the filter by utilizing 7 M HNOs, which allowed the reuse of the printed filters.

N

o

FIGURE 23 Image of the SLS 3D printed PA12 filter objects with one (left) and three
(middle) filter units attached. Image of the SLS 3D printed PA12 mesh cube
(right).

Based on the obtained results, PA12 acts as extremely selective material for gold
adsorption from chlorine-containing acidic media. It enables the separation of
gold from both common matrix elements such as Cu, Ni, and Fe, as well as other
platinum group metals such as Pd and Pt. Furthermore, the objects made out of
PA12 by using SLS 3D printing were found to possess the chemically functional
properties of the unprinted PA12 powder. Therefore, SLS 3D printing can be seen
as an effective way to prepare highly customizable objects for selective gold
adsorption in both batch and flow-through processes.
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6.2 Selective recovery of Pd and Pt from acid leached PCB wastel

6.2.1 Preparation and characterization of SLS 3D printed filters

As the gold was selectively separated from the PCB leachate by using PA12 filters,
the separation of the rest of the remaining noble metals present was tackled next
by incorporating a chemically functional additive into the SLS 3D printed filters.
The functional additive was chosen to be a typical anion exchange resin Dowex
21K with a benzyltrimethyl ammonium functional group. As it is a classical gel-
type material, resin had to be dried first to make it more easily compatible with
the powdery printing material. Therefore, the resin was dried at 90 °C overnight
followed by grinding into finer particles via ball-milling. The now powdery 21K
resin was then incorporated into polypropylene (PP) powder via mechanical
mixing. The mixture was adjusted to contain 10 wt-% of the 21K. The PP was
chosen as the host polymer due to its chemically stable and inert nature. Unlike
for the gold separation, filters without any interior structure were designed and
printed (Fig. 24). These filters allowed for better utilization of the observed
porous nature of the objects, which in turn allowed the fluid to pass through the
tilter even without any specific flow channels. The functional filters were printed
according to the aforementioned process with optimized printing parameters.

FIGURE 24 Image of the PP-21K filters (left) and of the 10 mL syringe with three PP-21K
filters that was used for the adsorption experiments (right).

The PP-21K filters were then characterized by HIM as well as X-ray tomography.
The HIM images show the porous structure of the object as well as the
homogeneous distribution of 21K (Fig. 25 a). Additionally, it can be seen that the
21K particles are only attached to the surfaces of the partially sintered PP
particles and not encapsulated by the polymer (Fig. 25 b.). This means that they
remain available for interactions with the fluid passing through the pores of the
tilter. The images also show how the PP particles are only partially sintered and
are therefore attached onto each other only via a small percentage of their total
surface area.
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FIGURE 25 HIM image of the structure of the PP-21K filter (a.) and zoomed-in image of
the surface of the filter with highlighted 21K particles (b.).

The X-ray tomography imaging was conducted for a small cylindrical object
prepared from the same PP-21K material. The horizontal and vertical
tomography images (Fig. 26) further confirm the observations from the HIM
imaging as they show that the distribution of the pores in the object is
homogeneous throughout the entire object. The resin can be seen in the images
as white particles. Their distribution can also be seen to be rather homogeneous
even at the relatively low additive concentration of 10 wt-%. Additional analysis
of the tomography images showed that the pores make up around 32 % of the
total volume of the filter, with most of the pores being between 20 and 60 um of
diameter in size. The combination of HIM and X-ray tomography analysis proves
that additive materials can be effectively utilized in SLS 3D printed objects by
simply mixing them with the powdery material, as the resulting objects will have
a homogeneous distribution of the additive particles.

FIGURE 26 Vertical and horizontal x-ray tomography images of the PP-21K filters.
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6.2.2 Separation of the platinum group metals

Next, the adsorption performance of the PP-21K filters was evaluated by utilizing
the same synthetic PCB leachate solution as in paper I, with the main difference
being that platinum concentration in synthetic solution was lowered to 1 mg L-1.
This was done to better mimic the often-lower amount of platinum present in
PCB waste. The authentic PCB leachate was roughly similar in metal
concentrations as shown in Table 4, with some differences in the matrix element
concentrations due to heterogeneity of the PCB waste. The samples were
analysed by utilizing ICP-OES as described in section 5.2.2 combined with the
calibration ranges and other measurement details represented in Table 3.

The filters were utilized by placing them into a 10 mL syringe and gently
pushing the sample solution through the filters. For the adsorption studies, three
PP-21K filters were placed in a syringe. For the synthetic solution, this resulted
in effective adsorption of 96 % and 98 % of palladium and platinum, respectively.
However, also 50 % of tin as well as around 10-22 % of zinc and lead was
adsorbed onto the PP-21K filter (Fig. 27). Due to the amount of different metals
in the filter, further separation of the elements was needed via elution studies.

100
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FIGURE 27 Recovery profiles of the metals after being treated with PP-21K filters and the
recovery profiles after the elution with water. I

First, the zinc and lead were selectively eluted from the PP-21K filter by passing
water through the filter. The water washes also eluted around 50-60 % of the tin
that was adsorbed onto the PP-21K filter. Next, the elution of the noble metals
was performed by first eluting most of the palladium with using a 0.1 M thiourea
solution, followed by platinum elution using a 0.3 M thiourea solution. The one-
by-one elutions of palladium and platinum lead to elution efficiencies of 83 %
and 85 %, respectively. Even though the separation of palladium and platinum is
not complete (Fig. 28), it could be improved via further optimization. Finally, the
part of the tin that could not be eluted with the water washes could be effectively
eluted by using 4.5 M HNOs;. After the elution cycle, the filter could be
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regenerated by 0.1 M HCl and reused without significant loss of activity. Similar
adsorption process was also performed by using authentic PCB leachate. The
tilters were observed to behave similarly than what was observed with the
synthetic solution.

® 0.1 M Thiourea ®0.3 M Thiourea

Pd
Pt

Zn

Pb

Sn

20 40 60 80 100
Composition (%)

o

FIGURE 28 Metal composition of the thiourea elution fractions. Il

The capacity of the PP-21K filter was evaluated in a batch process with a solution
containing much higher palladium and platinum concentrations (400 mg L-! of
both Pd and Pt in 5% aqua regia) than what was present in the PCB leachates. It
was tested by placing a single PP-21K filter in a 10 mL syringe and passing the
sample of the test solution through the filter five times. To monitor the effect of
the printing process on the capacity of the material, a similar test was performed
by placing an equal weight of unprinted PP-21K powder onto a container with
the sample solution and monitoring the adsorption behavior. The SLS 3D printed
PP-21K filter showed a palladium and platinum capacity of around 11 wt-%
relative to the amount of functional material in the filter unit, while the unprinted
powder showed a 13 wt-% capacity. The small difference in results can be
attributed to the part of the surface area of the 21K particles being utilized for
effective anchoring onto the PP matrix. The result demonstrates that the SLS 3D
printing process has only a minimal effect on the capacity of the material. While
the performed capacity experiment is not the optimal way of determining the
maximum capacity of the material, it was found to be sufficient for roughly
monitoring the effect of the SLS 3D printing process on the capacity of the
material.

The gold adsorption process described in section 5.2.2. was also tested by
utilizing a similar test setup and solid filter objects that were utilized for the
palladium and platinum separation. As expected, the “solid” PA12 filters
without any designed flow-channels were able to selectively and quantitatively



58

adsorb the gold from the synthetic test solution. By combining the gold
separation process with the platinum and palladium separation process
described here, effective separation of platinum group metals from acidic
leachate can be achieved. The process can be performed by simply passing the
leachate through two different types of filters. The first PA12 filter selectively
adsorbs gold, while the PP-21K filter with the selective elution method separates
platinum and palladium, as well as portion of the tin, zinc, and lead from the
solution. This process is shown in Fig. 29.

PCB leachate
Ni, Al, Cr, Fe, Cu, Zn,
Sn, Pb, Pd, Pt, Au

i
=
{

PP-21K W/A B;C [pd] + [r]
_>
!

(
Ni, Al, Cr, Fe, (
Cu, Zn, Pb E

A) 7 M HNO;

B) 0.1 M thiourea
C) 0.3 M thiourea
D) 4.5 M HNO;

FIGURE 29 Extraction scheme for noble metals from PCB leachate by utilizing SLS 3D
printed metal scavenging filters. Il

While the whole separation process could be performed without the use of SLS
3D printing, the use of the method also provides the user with numerous
advantages. The filters can be easily tuned to fit the scale of the process. On a
laboratory scale, the convenient filters that can be inserted into syringes, and on
a larger scale, the filters can be designed to fit the different requirements of the
process. Furthermore, the filters can also be made in such a manner that the outer
layers of the object are completely molten to provide fluid impermeable walls to
the filter as shown earlier in Fig. 13. This permeability can be done by controlling
the laser power within different parts of the object. And even though the work
represented here focuses on the separation of noble metals from acidic PCB
leachate, the method can be extended to a myriad of applications as the chemical
functionality of the objects can be easily altered.
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6.3 Preparation of Au nanocatalysts from PCB waste derived gold!!

6.3.1 Preparation of SLS 3D printed nanocatalysts

Even though the metal separation process described in previous sections returns
the metals from waste to circulation, it might not be the optimal solution in all
cases. Another approach to a circular economy-related solution would be
converting the metals from waste straight into functional products, therefore
eliminating the need for extra processing. Here, the PCB waste-derived gold is
adsorbed onto PA12 objects (as described in section 5.2.2) followed by the
conversion of the whole object into a functional nanocatalyst. The conversion is
done by reducing the adsorbed gold into nanoparticles, which can then be further
utilized, for example, in catalysis.

As the process utilizes plain PA12 as the building material, SLS 3D printing
was performed in a similar manner to what was described earlier. The printed
PA12 objects were then allowed to adsorb gold from a synthetic tetrachloroaurate
solution. After the adsorption, the objects were rinsed thoroughly with water
before being used in reduction experiments. The reduction process was carried
out using a series of different reduction methods. The reducing agents included
NaBHy, ascorbic acid, and even H>O,, a more unconventional reducing agent,
that is known to produce gold nanoparticles!?. In addition to the chemical
reduction methods, UV-light, as well as heating induced reduction were also
tested. Different reduction methods and reaction times were also experimented
with and were found to lead to different colors of the PA12-Au objects as shown
in Fig 30.

PA12-Au
a) sk
J B eBe
—— \ T '
PA12 NaBHa4
b) c)
2 20 9 D & 086
d) e)
2 o 8 e

FIGURE 30 Images of the printed PA12-Au filter plates (10x10x2 mm). a) Plain PA12 filter
and PA12 filter straight after the gold adsorption as well as PA12-Au filters
reduced with NaBHj4 for 1, 3, 5, 10, and 15 minutes, respectively. b) Series of
PA12-Au filters that were reduced using 0.5 M ascorbic acid for 1, 3, 5, 10 and
15 minutes, respectively. c) Series of PA12-Au filters that were reduced using
30% HxOz for 5,10, 15, 30 and 60 minutes, respectively. d) Series of PA12-Au
filters reduced using UV light (405 nm) for 20, 40, and 60 minutes. e) PA12-Au
filters reduced using thermal treatment (110 °C) for 30, 60 and 90 minutes.
Reproduced with kind permission from the American Chemical Society.!!
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Additionally, an auto-reduction process was also observed to take place
when the gold adsorbed PA12-Au objects were left without any additional
reduction process for an extended period of time. And even though the Au in the
PA12-Au objects shown here is derived from synthetic solution, the similar
process was also shown to work with authentic PCB leachate derived Au.
Furthermore, regardless of the simple shape of nanoparticle-functionalized
objects, the inherent ability of the 3D printing is to customize the objects.
Therefore, the nanocatalysts can be fabricated into any shape and size with highly
customizable structures (Fig. 31).

s

FIGURE 31 Image of different SLS 3D printed PA12 objects that have been functionalized
with gold.

6.3.2 Characterization and performance of the nanocatalyst

The PA12-Au objects with the nanoparticles were first characterized by using
HIM imaging. The PA12-Au objects prepared by using different reduction
methods were imaged and were found to have a homogeneous distribution of
the Au nanoparticles. The Fig. 32 shows the HIM images of the PA12-Au filters,
which were reduced using H>O> (a and b) and ascorbic acid (c and d). The
nanoparticles can be seen to have an even coverage of the whole granular
structure of the object. Even though HIM is not an optimal method of
determining the size of the observed nanoparticles, they can be seen to be roughly
between 10 and 100 nm in size. The PA12-Au plates prepared with other
reduction methods were observed to have a similar structure as shown in Fig. 32.
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FIGURE 32 HIM images of the H>O> reduced PA12-Au filters made using synthetic gold
solution (a and b) and of the PA12-Au filters with PCB derived gold followed
by ascorbic acid reduction (c and d). Reproduced with kind permission from
the American Chemical Society. !

The distribution of the Au nanoparticles was also studied by performing spectral
imaging analysis of the objects” surfaces by using SEM-EDS. The surface was
imaged in relation to the Au locations, and the images clearly show that the Au
is evenly distributed throughout the surface of the object (Fig. 33). However, this
was expected, as the object consists solely of PA12. Still, the results show that
only minimal agglomeration of Au nanoparticles takes place during the
reduction process. This suggests that there is most likely interaction between the
surface of the PA12 and the gold nanoparticles that prevents excessive
agglomeration during the reduction process.

250 pm 250 pm

FIGURE 33 Ascorbic acid reduced PA12-Au sample imaged with SEM-EDS (a.). Gold
spectral image (green) overlaid with the image of the analyzed area (b.).
Reproduced with kind permission from the American Chemical Society. Il
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The size distribution observed from the HIM imaging was also further confirmed
as the different PA12-Au objects were analyzed with Powder X-ray
Diffractometry. The PXRD analysis (Fig. 34) showed that, depending on the
reduction method, the gold particles were in the range of 9 to 70 nm when
estimated with the Scherrer method. It should be kept in mind that the PXRD
analysis is a rather qualitative method of determining nanoparticle sizes in
samples. Regardless, the PXRD results can be seen to suggest that the particles
are in the same size range than what was observed with the HIM imaging.
Additionally, the PA12-Au filter where the gold was derived from PCB leachate
(Fig. 33 g.) also showed more similar results than the other PA12-Au filters which
were made a using synthetic tetrachloroaurate solution (Fig. 34 a-f).
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FIGURE 34 Left: PXRD patterns of PA12-Au filters with following reducing agents: a)
Plain PA12 without Au, b) PA12-Au with UV-light reduction, c) NaBHy, d)
thermal treatment, e) ascorbic acid, f) HoO», and g) a PA12-Au sample, with
PCB derived gold followed by NaBH4 reduction. Right: zoomed in 26 range
showing the Aug11) peak on the pattern of each sample. Reproduced with kind
permission from the American Chemical Society. !

To obtain additional information of the size of the Au nanoparticles in the
material, SP-ICP-MS analysis was performed. The experiment was conducted by
shaking the different PA12-Au objects in water, followed by nanoparticle
analysis of the solution. The results (Fig. 35) suggest that most of the different
types of PA12-Au plates possess nanoparticles with a diameter of around 14-32
nm. Some variance in the size distribution can be observed, but given the
uncertainty present in the analysis, the samples can be seen to possess mostly
particles of roughly 20 nm of size. Additionally, the sample that was made using
the PCB leachate and then reduced using NaBH4 showed roughly the same size
nanoparticles than the other PA12-Au filters. This further demonstrates that the
waste-derived gold can be efficiently utilized to produce SLS 3D printed
nanocatalysts.
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FIGURE 35 Particle diameter distribution diagram of the different PA12-Au filters received
from the SP-ICP-MS measurement. Reproduced with kind permission from the
American Chemical Society. !

Finally, the catalytic performance of the different PA12-Au plates was evaluated
in a simple reduction reaction of 4-nitrophenol to 4-aminophenol. The reaction
was performed with an excess of NaBH4 as a reducing agent to ensure that the
changes in the concentration of the reductant would not affect the reaction.
Samples of 0.1 mM 4-nitrophenol in water were contacted with the PA12-Au
plates prepared with different reduction methods. Reference reactions were
carried out without a catalyst and PA12 plate without Au as a catalyst. After two
hours of stirring, most of the reactions can be seen to reach completeness as the
absorbance, measured using UV-Vis spectrometer, diminishes as the 4-
nitrophenol is reduced to 4-aminophenol (Fig. 36). While most of the reactions
happened more rapidly, reaction time was increased to ensure that the control
reactions would not proceed, thereby confirming the catalytic activity of PA12-
Au plates. Most of the PA12-Au plates can be seen to effectively catalyze the
reaction. However, the nanoparticles produced by heating the PA12-Au plate
appear to possess slightly slower reaction kinetics, which is most likely due to
the vastly different reduction process utilized for particle generation.
Additionally, the PCB waste-derived PA12-Au filter (PCB-NaBH4 in Fig. 34) can
be seen to perform identically when compared to the PA12-Au filters produced
using the synthetic tetrachloroaurate solution.
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FIGURE 36 UV-Vis absorbance at 400 nm for the gold-catalyzed reduction of 4-nitrophenol
to 4-aminophenol in the presence of NaBHj. I

While the catalytic activity of the PA12-Au plates that were fabricated using
different reduction methods were not exhaustively studied here, the results still
suggest the catalytic activity of the SLS 3D printed PA12-Au plates. The different
characterization methods confirmed that the nanoparticle distribution is rather
homogeneous both in terms of the particle size and the distribution throughout
the objects. Furthermore, the ability to obtain the gold from waste material makes
the method an appealing option also in terms of the circular economy. The
method removes many of the typically laborious steps from the process of
converting the waste-derived material back into a functional product. This
combined with the inherent ability to fully customize the physical structure of
the SLS 3D printed catalyst makes the method a powerful technique for catalyst
fabrication.
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SUMMARY

The work here ventured into the field of chemically functional 3D printing. The
aim was to see whether or not the SLS 3D printing could be utilized for this
purpose. Especially, the interest was in the development of a new metal
separation technique by utilizing SLS 3D printing. The requirements for the new
method were customizability, efficiency, and ease-of-use as well as the ability to
compete with existing methods in these categories.

The first project included the SLS 3D printing of the highly selective,
tetrachloroaurate scavenging filters. This was achieved by the utilization of the
high selectivity of PA12 towards tetrachloroaurate under acidic conditions. The
SLS 3D printed PA12 filters were successfully utilized in the separation of gold
from an extremely challenging matrix, the PCB leachate. The filters were able to
selectively scavenge gold and therefore, provided the first proof-of-concept-level
results for the chemically functional SLS 3D printing project.

Next, the customizability of the printing material was investigated.
Previously, the use of plain PA12 provided the functionality, but for more
widespread use of the technique, the functionality of the material should be
customizable. The rudimentary approach of simply mixing the functional
additive into chemically inert PP powder was found to lead to objects possessing
the chemical functionality of the additive. This was tested by incorporating an
anion exchange resin, namely Dowex 21K, into the printing material and by
utilizing the resulting PP-21K for successful separation of palladium and
platinum from the PCB leachate. By combining the aforementioned PA12 filters
with the PP-21K filters, the separation of the noble metals from the PCB leachate
was achieved.

A different approach towards metal separation was also investigated. It
included the conversion of the scavenged metal into functional nanocatalysts.
Instead of further separating the metal into its own separate fraction, catalytically
active objects could be fabricated with the SLS 3D printing method by using the
PA12 filters for the adsorption of tetrachloroaurate, followed by the reduction of
the gold into nanoparticles. These PA12-Au objects could be utilized as catalysts
due to the catalytically active nature of the gold nanoparticles. This method
represents the so-called “from waste to product” approach that could easily be
incorporated with today's view of the circular economy, which is mostly focused
just on the separation of different elements to different fractions.

The results here show that SLS 3D printing can be utilized for preparing
chemically functional objects. The customizability of the chemical functionality
of the objects is made easy as providing the functionality to the objects simply
requires mixing the additive with desired properties into the building material.
Additionally, the printing method itself places very minimal requirements on the
additives. However, the customizability is not limited to just the chemical
properties. The ability to design the shape, size, and geometry of the object is
inherent to 3D printing. In addition to that, the SLS 3D printing also enables the
possibility to adjust the physical properties, such as porosity, of the object by
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altering the printing parameters. This gives the user the ability to customize both
the chemical and physical properties of the object for the needs of the specific
application.

All in all, the proof-of-concept results here demonstrate that SLS 3D
printing has immense potential as a fabrication method for metal separation
devices. Even though the work here focused on the treatment of PCB leachate,
the customizability of the objects enables easy fabrication of tailor-made objects
to match the chemical and physical requirements of a wide range of different
applications.
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ABSTRACT: Around 10% of the worldwide annual production of gold is used for
manufacturing of electronic devices. According to the European Commission, waste
electric and electronic equipment is the fastest growing waste stream in the European
Union. This has generated the need for an effective method to recover gold from
electronic waste. Here, we report a simple, effective, and highly selective nylon-12-based
three-dimensional (3D)-printed scavenger objects for gold recovery directly from an aqua
regia extract of a printed circuit board waste. Using the easy to handle and reusable 3D-
printed meshes or columns, gold can be selectively captured both in a batch and
continuous flow processes by dipping the scavenger into the solution or passing the gold-
containing solution through the column. The possibility to optimize the shape, size, and
flow properties of scavenger objects with 3D printing enables the gold scavengers to match

the requirements of any processing plants.

B INTRODUCTION

The development of three-dimensional (3D) printing techni-
ques and printing materials has been booming over the past
decades.' Materials from resins to metals can nowadays be
printed to produce complex objects with precise dimensions
and desired mechanical properties. The focus of interest is
slowly expanding toward 3D-printed objects that possess
additional physical or chemical functionalities. Currently, the
3D printin§ technique has been utilized for antimicrobial
composites” and ion-exchange membranes,si4 as well as for pH-
sensitive and catalytically active materials.>~” Even polymer-
bonded rare-earth metal magnets® and quantum dot light-
emitting diodes have been successfully printed.” Despite the
progress in the field of functional 3D objects, the true potential
of the technique has not been fully exploited, e.g,, in chemistry.
The use of 3D printing techniques in production of continuous
flow reactors, chromatographic, or ion-exchange columns using
an active material would open up a completely new level of
control, e.g, of the reagent flow. If the conventional columns
filled with active powder or beads are replaced with a column in
which the adsorbent is also printed, practical pitfalls, such as
unfavorable adsorbent packing and uneven eluent flow through
the column, could be completely avoided. In the current work,
we have used this approach in hydrometallurgy of electronic
waste to prepare an efficient, selective, and simple collector for
capturing gold from a complex mixture of dissolved metal ions.

Gold is widely used in the electronic industry, and with the
waste electric and electronic equipment (WEEE) stream
generated in the European Union predicted to be over 12
million tons by 2020,'® an effective recovery method for gold is
needed. Currently, used gold recovery methods include
physical, pyrometallurgical, or hydrometallurgical treatments,

i I © 2017 American Chemical Society
< ACS Publications
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or their combinations.''™'* However, most of these methods
suffer from environmental risks and from the need for extensive
preprocessing of the material.">~" Hydrometallur$ical pro-
cesses have proven to be successful for leaching'>'®" of gold
from WEEE, but the recovery of gold from solution is often
laborious, containing several steps.]z’m’21 After the leaching,
ion-exchange resins are often bein§ used as an adsorbent for the
gold, as has been widely reported. 822726 There have also been
reports of polymers, such as polypyrrole and polyaniline, being
used to recover gold.”” > Because of lack of selectivity of the
adsorbents and various other recovery methods, extensive
preprocessing of the sample is often required.'”*° Typical
scavenger materials used to adsorb the dissolved gold consist of
small particles and hence a filtration system is often required,
either to recover the used adsorbent or to purify the solution
stream of remaining particles. The above difficulties make
recycling the adsorbent challenging or even impossible.

These problems can be avoided by using 3D printing.>" The
scavenger material is printed in a form of a column or a mesh,
and the ion-containing solution is either flowed through it or
the object is simply dipped into the solution. The captured
metal ions can then be recovered by elution with a suitable
solution, after which the scavenger is reusable for metal
capturing. We used inexpensive S0 yzm nylon-12 (N12) powder
for printing scavengers and tested these scavengers to
selectively adsorb gold from aqua regia solutions containing
up to 500 times higher concentrations of other metal ions. The
binding of gold as [AuCl,]” on nylon has been previously
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Figure 1. Recovery percentages of the metals by nylon-12 powder from the synthetic 5% HClI test solution (green) and from a 1:1 diluted aqua regia
leached true electronic waste sample (blue). As can be seen, nylon-12 retains its efficiency and selectivity even in harsh oxidizing conditions.

Figure 2. (a) Three-dimensionally printed cube-shaped mesh with dimensions of 18 mm x 18 mm x 18 mm used for batch tests. (b) Structure of the
scavenger unit (length 35 mm and diameter 27 mm) with a flow restricting funnel used for continuous flow processes (c). The complete column
consists of three interlocking parts: the funnel at the bottom, the main gold scavenging unit in the middle and the reservoir cylinder at the top used
for loading the sample (c). (d) An extended column with three scavenging units and the funnel.

noted,”” but to our knowledge, the excellent selectivity of nylon
toward gold has not been reported. The binding mechanism
between the amide group and [AuCl,]™ has been predicted to
be related to hydrogen bonding between the hydrogen of the
protonated amide group and the chlorides of the gold
complex.®® The cause for selectivity toward gold could
potentially be because of —1 charge of the complex and square
planar geometry of the [AuCL]™. The only other species
possessing square planar geometries in the solution would be
chloride complexes of Pt(II) and Pd(II). These, however,
would have a charge of —2. The selectivity of the material will
be investigated further in future by using molecular modeling.

B RESULTS AND DISCUSSION

To find out the impact of 3D printing by the selective laser
sintering (SLS) technique on the properties of nylon-12, we
first tested the gold-capturing efficiency of the powder. The
selectivity was tested using a solution mimicking the high
concentrations of other metals typically present in acid-leached
electronic waste (100 ppm of Ni, Zn, Fe, and Cu and S0 ppm
of Al, Cr, Pb, and Sn along with 5 ppm of Pd, Pt, and Au in 5%
hydrochloric acid). The 10 mL samples were treated with S0
mg of N12 powder, and the slurry was stirred at room
temperature for 4 h after which the powder was filtered off. The
PerkinElmer inductively coupled plasma optical emission
spectrometry (ICP-OES) Optima 8300 DV was used to
determine the metal-ion concentrations in solution before
and after the adsorption experiments. All in all, 96.4% of gold
was adsorbed by the N12 powder together with 4.6% of the
platinum, whereas noticeable adsorption of any of the other
metals was not observed (Figure 1, green columns). To
compare adsorption properties of different nylon polymers,

7300

nylon-11 (N11) and one of the most commonly used
commercial grade of nylon, nylon-6,6 (N66), were also tested
under the same conditions as that of N12. The N11 behaves
much like N12, showing comparable selectivity with N12, but
N66 was found to be less selective, adsorbing 25.6% of
platinum and 13.8% of palladium along with 93.6% of the gold
(Table S1). As nylon polymers are extensively used by the
clothing industry, the typical fabric used, for example, for sport
socks (82% of nylon, 16% of polypropylene, and 2% of
elastane), was also tested and found to have similar properties
as those of the N66 powder (Table S1). The comparisons
indicate clearly that the highest selectivity can be achieved by
using longer carbon chain nylon polymers N12 and N11.

To test the N12 powder with real electronic waste, a sample
of aqua regia leached printed circuit boards (PCBs) was used.
The PCB sample used contained 25000 mg L™" copper, 2700
mg L™ iron, 1700 mg L™" zinc, 1600 mg L™" nickel, and 850
mg L™ tin, along with high concentrations of other metal ions.
The gold concentration in PCB was 73 mg L™'. PCB leachate
also contains silver, but the presence of chloride in the leaching
solution accompanied by dilution leads to precipitation of silver
chloride. Therefore, changes in silver concentration were not
monitored. Silver precipitate can be simply filtered off before
using a nylon scavenger. In N12 powder adsorption experi-
ments, the PCB samples were diluted in a 1:1 ratio with
ultrapure water and then stirred with 50 mg of N12 for 4 h.
From the PCB sample, 77.8% of the gold was adsorbed,
whereas tin (1.6%) was the only other metal-ion adsorbed
(Figure 1, blue columns), showing the excellent selectivity of
N12 toward gold. The maximum gold-adsorbing capacity of the
N12 powder was tested by mixing 25 mg of N12 with 10 mL of
a solution containing 200 ppm of [AuCl,]™ in 5% hydrochloric

DOI: 10.1021/acsomega.7b01215
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Figure 3. Scanning electron microscopy (SEM) images of the surface of solid objects printed with low laser power.

acid for 24 h. A capacity higher than 66 mg of gold per 1 g of
N12 powder was observed.

The actual 3D-printed scavengers were prepared by using
N12 powder and a selective laser sintering (SLS) 3D printing
technique. Both cube-shaped meshes for batch processes and
column-shaped scavengers for continuous flow processes were
printed (Figure 2). The selectivity and recovery capability of
the 3D-printed mesh (Figure 2a) in a batch process were tested
using the same test solution as that for the N12 powder.
Soaking the mesh into the test solution for 4 h yielded gold
recovery of 90.4% with no noticeable amounts of other metals
adsorbed into the mesh.

The continuous flow behavior of the short 3D-printed
column shown in Figure 2b (35 mm long scavenger part with
27 mm diameter) was tested by passing the test solution
through the column. With the tested short column, the flow
rate was ca. 3 mL s The high flow rate leads to overall
contact times of ca. 3—5 s with a 10 mL sample. Even with this
very short contact time, the tested scavenger adsorbed 27.2% of
gold with only traces of other metals. With a column consisting
of three scavenger units (total length 105 mm) 47.8% and with
a column of 10 scavenger units (total length 350 mm), 82.7% of
gold was captured. Even in the last case, the contact time
remained very short (30s). The results can be even further
improved by adjusting the flow rate through to the column.
This can be done either by restricting the flow rate by using a
valve or by redesigning and optimizing the flow channels in the
scavenger units. The total recovery percentage can also be
increased by recycling the solution through the column.

The capacity of the 3D-printed objects depends on the
structure of the object and the printing parameters used.
Because the specific surface area and capacity is dependent on
the shape, size, and the design of the flow channels, it is difficult
to give a simple figure for the capacity of the printed scavenger.
Therefore, we tested the capacity of small solid rectangular
printed plates with no elaborated pore structure to get a
limiting value for the capacity. The capacity of these solid
objects ranged from 13 to 18 mg per 1 g of the 3D-printed
object. However, the surface area and thereof capacity of the
3D-printed object can be improved considerably by careful
design of the surface structure.

One of the advantages of the scavenger objects is that gold
can be nearly quantitatively removed from them by a simple
elution process. Elution can be carried out by using nitric acid
as eluent if acidic conditions are preferred (see the Methods
section). Effective elution can also be obtained by using organic
eluents such as diethylene glycol dibutyl ether. In both cases,
the 3D-printed scavenger is fully reusable after gold has been

removed.

7301

The results show that 3D printing retains the excellent gold
recovering properties of nylon-12. Obviously, 3D printing
reduces the surface area of the object compared to the same
amount of powder. However, the surface structure of the
printed objects can be controlled up to a point by adjusting the
3D printing conditions: low laser power will produce an object
with higher porosity and larger surface area (Figure 3). High
laser power will increase the durability of the object but reduce
the surface area, as the sintering of the material is more
extensive (Figure SI).

The main advantage of the use of 3D-printed scavengers is
that the gold can be separated directly from the diluted leachate
with no tedious preprocessing steps. Scavengers can be easily
scaled (Figure S2c) and modified accordingly to meet the users’
requirements even up to the industrial scale. It is expected that
by using other printable polymers with other functional groups
or hybrid materials, other metals can also be captured by using
3D-printed scavengers. In such a case, scavenger modules with
different selectivity could be linked together to obtain
multimetal scavengers with detachable ion-specific modules.
Because the 3D-printed scavengers are highly selective, they can
be used for recovering gold from leachates originating from
sources other than electronic waste as well. In general, the use
of chemically functional printing materials can extend
considerably the use of 3D printing in manufacturing of
chemically active devices.

B METHODS

Chemicals and Solvents. Synthetic solutions were
prepared from stock spectroscopy standard solutions (1000
ppm) purchased from PerkinElmer. Nylon-12 was purchased
from EOS and Advanc3d Materials and was in the form of
powder, with an average particle diameter of 50 ym. Nylon-11
powder having an average particle diameter of 50 pm was
purchased from Advanc3d Materials. Nylon-6,6 was purchased
from Sigma-Aldrich and had an average particle diameter of
15—20 pm. Nitric acid (>65%) and hydrochloric acid (>37%)
were purchased from Sigma-Aldrich. All of the chemicals were
used as received. High-purity water of 18.2 MQ cm resistivity
produced by a Purelab Ultra water purification system supplied
by Elga (Buckinghamshire, U.K.) was used in all experiments.
No unexpected or unusually high safety hazards were
encountered.

Sample Preparation. The sample solution for the
synthetic tests was prepared by diluting the 1000 ppm
PerkinElmer spectroscopy standards. The solution prepared
contained 100 ppm of Ni, Zn, Fe, and Cu and 50 ppm of Al, Cr,
Pb, and Sn along with S ppm of Pd, Pt, and Au in 5%
hydrochloric acid. The electronic waste sample was prepared by

DOI: 10.1021/acsomega.7b01215
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milling printed circuit boards (PCBs) down to fine particles
and ashing them for 4 h at the temperature of 950 °C. One
gram of the ashed sample was placed in a 50 mL centrifuge tube
along with 10 mL of aqua regia. Ultrasound-assisted leaching
was performed at room temperature using six cycles lasting 3
min each. Between the cycles, the pressure was released from
the reaction containers. The ultrasound water bath used was
Elma Elmasonic P. Leached samples were filtered (Whatman
41) and diluted in a 1:1 ratio with ultrapure water.

Recovery from Synthetic Solution. A 10 mL sample of
the synthetic solution was placed in a 15 mL centrifuge tube.
Fifty milligrams of nylon-12 powder was added into the tube.
The tube was sealed and then stirred using Stuart SF1 at 500
osc min~" for 4 h at room temperature. Nylon-12 was removed
from the sample solution by filtration (Whatman 41). The
same procedure was used for testing nylon-11 (N11), nylon-6,6
(N66), and the fabric samples. All of the tests discussed in this
article were performed in triplicate. Recovery percentages of the
metals with significant decrease in concentration are presented
in Table SI.

Recovery from Synthetic Solution Using Acid-Washed
N12 Powder. A 1 g sample of the N12 powder was placed in a
glass column and 200 mL of 10% aqua regia, followed by 200
mL of water being passed through it. The N12 powder was
dried at 105 °C for 4 h and was then used for adsorption tests.
Ten milliliters of the synthetic solution was placed in a 15 mL
centrifuge tube. Washed and dried N12 powder (50 mg) was
added into the tube. The tube was sealed and then agitated
using Stuart SF1 at 500 osc min~" for 4 h at room temperature.
Nylon-12 was removed from the sample solution by filtration
(Whatman 41). Recovery percentages of the metals with
significant decrease in concentrations are presented in Table
S1.

Recovery from Leached Electronic Waste. Leached
electronic waste samples were diluted with ultrapure water in a
ratio of 1:1 before gold recovery was performed. The recovery
process was conducted by adding 50 mg of the N12 powder
into the centrifuge tube containing 10 mL of the solution. The
container was sealed, and the sample was agitated for 4 h using
Stuart SF1 at S00 osc min~' at room temperature. Samples
were filtered (Whatman 41) to remove the nylon-12.

Capacity of the Material. Solution containing 200 ppm of
[AuCl,]™ in 5% hydrochloric acid was prepared by diluting the
PerkinElmer spectroscopy standard of gold (1000 ppm). Ten
milliliters of the solution was placed in a 15 mL centrifuge tube,
and 25 mg of nylon-12 was added. The tube was sealed and
agitated using Stuart SF1 at 500 osc min~' for 24 h at room
temperature. Samples were filtered (Whatman 41) to remove
the nylon-12. A similar test was performed for small, 3D-
printed, rectangle-shaped solid objects having average mass of 8
mg. Additionally, the capacity of slightly larger 3D-printed
objects, with an average mass of 131 mg, was tested by reacting
the objects with 50 mL of the synthetic solution used to test the
capacity of the nylon-12 powder.

Recovery from Synthetic Solution Using 3D-Printed
Mesh. The test conducted using 3D-printed mesh cube was
done by contacting the synthetic solution containing 100 ppm
of Ni, Zn, Fe, and Cu and 50 ppm of Al, Cr, Pb, and Sn along
with 5 ppm of Pd, Pt, and Au in 5% hydrochloric acid with the
object. Twenty milliliters of the synthetic solution was placed in
a 50 mL centrifuge tube containing the mesh. The tube was
sealed and agitated using Stuart SF1 at 500 osc min~* for 4 h at
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room temperature. Recovery percentages of the metals that had
significant decrease in concentration are presented in Table S2.

Recovery from Synthetic Solution Using 3D-Printed
Column. The test conducted using 3D-printed columns was
done by letting synthetic solution containing 100 ppm of Nj,
Zn, Fe, and Cu and 50 ppm of Al, Cr, Pb, and Sn along with §
ppm of Pd, Pt, and Au in 5% hydrochloric acid flow through the
column. A 10 mL sample size was used for the tests. The length
of the column was varied. In initial tests, a column containing
one functional middle piece with the length of 35 mm and the
diameter of 27 mm was used. To further improve the recovery,
following tests were done utilizing a column with three
functional middle pieces attached and a total length of 105 mm
(Figure S2a). Additionally, a column with 10 functional middle
pieces and total length of 350 mm was tested (Figure S2b). For
the 350 mm long column, a sample size of 20 mL was used.
The size of the column can be easily scaled, as illustrated in
Figure S2c. Recovery percentages of the metals that had
significant decrease in concentration are presented in Table S2.

Removal of Gold from Scavenger Objects. Gold
removal tests were conducted using a 3D-printed column
consisting of three functional units (Figure S2a). First, the
column was loaded by letting 10 mL of 5% hydrochloric acid
solution, containing 10 ppm of Au, run through the column.
This loading solution was prepared by diluting the 1000 ppm
PerkinElmer spectroscopy standard of gold. About 30% nitric
acid (prepared by diluting nitric acid so that the concentration
of the removal eluent was 45% of the concentration of
concentrated nitric acid) was then used as the gold removal
eluent. The removal eluent was let to flow through the collector
column in 15 mL pulses. The first 15 mL pulse recovered
47.9% of the adsorbed gold. By using four 15 mL pulses, 99% of
the adsorbed gold was recovered. To confirm the ability to use
organic eluents, a similar elution test was carried out by using
diethylene glycol dibutyl ether as the removal eluent. With one
15 mL pulse, about 15% of gold was recovered. By repeating
the pulses, the recovery percentage could be improved, as in the
case of nitric acid eluent.

Three-dimensional Printing. Designing of the 3D-printed
objects was done using FreeCAD v0.16. Designed objects were
prepared for the printer using Slic3r v1.2.9. Images of the
designed pieces are presented in Figures S3—S6. Three-
dimensional printing was done by using ShareBot SnowWhite
SLS 3D printer. Nylon-12 was used as printing powder. A layer
thickness of 0.1 mm was used for printing the objects. The laser
power used was 50—55%, with a rate of 64 000 (2560 mm s™*).
The build plate temperature was set to 173 °C and was changed
to 161 °C at an object height of 0.5 mm. The environment
temperature was set to 144 °C. Five warming layers were used
for the print, and the wait time between each layer was set to 12
s.

Objects were cleared thoroughly of any unsintered powder
remaining on the surfaces before being taken for adsorption
tests. The column used for the tests consisted of several pieces
that could be linked together to form the actual column.

ICP-OES Measurements. Measurements were done with
PerkinElmer ICP-OES Optima 8300 DV using a GemCone low
flow nebulizer and a cyclonic spray chamber. For all
measurements, argon gas flow of 8 L min~', nebulizer gas
flow of 0.6 L min~", auxiliary gas flow of 02 L min~}, and a
sample flow rate of 1.5 L min~" was used. The radio frequency
power used for all of the measurements was 1500 W. Method
detection limits (MDLs) were established using the United
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States Environmental Protection Agency method 200.7.>* The
metals analyzed, MDLs, chosen wavelengths, calibration ranges,
and R values for methods used for synthetic solution and for
leached electronic waste are presented in Tables S3 and S4.

Concentrations of the metals present in the solutions were
measured before and after the recovery process. Metal recovery
rates were calculated from the change in concentration

G —c

X 100

G ey
where ¢ is the concentration of the analyte before the gold
recovery process and c is the concentration of the analyte after
the recovery.

SEM. Scanning electron microscope measurements were
done using Zeiss EVO-S0XVP. Three-dimensionally printed
objects were cleared thoroughly of any unsintered powder
before the SEM measurements. Figure S1 shows the surface of
a 3D-printed object that was manufactured using high laser
power.

Statistical Analysis. Results were statistically analyzed on a
confidence interval of 95%. The analysis was done as follows

recovery (%) =

lx — pl
s/n (2)

where ¥ is the average of the analyte concentration after the
recovery process. i is the average of the analyte concentration
before the recovery process. s is the standard deviation of the
analyte concentration after the recovery process and n is the
number of replicates. The number of replicates used for all
experiments was three. The hypothesis of the t-tests was that
whether the concentrations after the recovery process resulted
in significantly lower concentrations than those of the original
sample; thus, the one tailed t-test was performed.
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Abstract

Selective Laser Sintering (SLS) 3D printing technique was used to fabricate highly porous ion
scavenger filters for recovery of Pd and Pt from electronic waste. The scavengers were printed
by using a mixture of polypropylene with 10 wt-% of type-1 anion exchange resin as the
printing material. Porosities and the flow-through properties of the filters were controlled by
adjusting the SLS printing parameters. The cylinder-shaped filters were used in selective
recovery of the target metals, Pd and Pt, from acidic leachate of electronic waste simply by
passing the solution through the object at room temperature. Under such conditions, the
scavenger filters were able to capture Pd and Pt with high efficiency and selectivity from a
complex solution of metal ions that contained up to 100 times higher concentrations of other
metals, such as copper. By using the Pd/Pt scavenger together with previously reported,
highly selective nylon based Au scavenger, the most precious metals i.e. Au, Pd and Pt could
all be recovered from the electronic waste leachate in a single flow-through process. One of
the main advantages of the employed printed scavengers is that all recovered metals can be

easily extracted from the filters as separate fractions by using aqueous solutions of thiourea or



diluted nitric acid. After removal of the captured metals, the scavengers are reusable without

significant loss in their ion capturing performance.

Introduction

Development of 3D printing techniques has enabled the preparation of chemically and/or
physically functional materials and devices.!! Fascinating examples have been reported where
the potential, industrially relevant applications range from antimicrobial composites to
catalytically active materials and even light emitting diodes.!”] Advances in printing material
development have opened the field for intriguing discoveries such as new energy storage
devices or drug delivery systems.®! Typically, these products have been obtained by utilizing
printing techniques such as stereolithography, extrusion-based methods or inkjet printing.l!® 4l
The chemical activity is often obtained only via post processing the printed object.[*>3! In

most of these cases, the porosity, and thus the specific surface area, of the printed material

itself is low and cannot be adjusted.

In powder-based printing methods, e.g. selective laser sintering (SLS), small, typically 50-100
um, particles are fused together by laser. This allows, at least up to a point, control over the
porosity of the material by fine-tuning the printing parameters including laser power,
exposure time, printing temperature and cooling rate.!®’ When the particles are sintered in such
a way that only their surfaces are partially melted, a solid structure containing accessible
voids between the sintered grains is obtained. Such porous materials can be utilized directly in
chemical applications. For example, if a porous column is printed, a fluid (liquid or gas) can
flow through the object, interacting with the surface of the partially fused particles. When this
type system is compared to a column packed with loose particles, the advantages are obvious.
First of all, as the positions of the particles are fixed, they cannot be rearranged by the flowing

fluid. Thus, any unwanted channeling is prevented. Second, the porosity can be adjusted,
2



which can be utilized in controlling the back-pressure of the object. Third, the possibilities to
design the shape, interior structure and the size of the object are almost limitless due to the
printing technique. Hence, if the printing material is chemically active, the object can be used
as a chemically functional device. In principle, the potential applications of such devices are

limited only by the chemical functionality of the printing material.

We have recently published a study concerning recovery of gold from acidic leachate of
Waste Electrical and Electronic Equipment (WEEE) by using pure nylon (polyamide 12, PA)
based 3D printed scavenger object. Herein, we extend this approach to a hybrid printing
material consisting of polypropylene and type-1 anion exchange resin. The goal was to
develop a 3D printed scavenger filters for recovering Pd and Pt from WEEE leachate and to
show that even very low concentrations of metals can be cost-effectively and selectively

captured by using simple, reusable scavenger devices.

Results and Discussion

To prepare 3D printed functional filters with precious metal scavenging properties, swollen
beads of additive 1 (type-1 anion exchange resin, Dowex 21K) were dried at 90 °C overnight
and grinded to a fine powder in a ball mill. The chemically active resin (10 wt-%) was mixed
with readily available and easily printable polypropylene (PP), which was chosen as the
supporting matrix for the chemically active component. The mixture was then used to print
filters with desired shape, size (5 mm tall disc with 16.5 mm diameter) and porosity (see the
Experimental section) by using Sharebot SnowWhite SLS 3D printer. The final filters where

analyzed using microscopic techniques and X-Ray tomography.

Scanning electron microscopy (SEM) is commonly utilized to acquire information about the

porosity and composition of novel materials. Unfortunately, non-conducting samples, like
3



organic polymers, are known to have notable charging problem during SEM experiments.
This charging effect can be reduced, for example, by image post-processing or by coating the
sample with metal, but important information about surface structure could be lost during the
treatment. Thus, imaging of insulating samples is challenging using standard electron
microscopic methods. In helium ion microscopy (HIM) imaging is based on usage of positive
He ions when the aforementioned charge problem can be circumvented by utilization of
charge compensating low voltage electron beam (a flood gun), enabling the imaging of
insulating samples.[”! Hence, the surfaces of the printed objects were thoroughly investigated
using HIM (Figure 1). By inspecting the images acquired from the break surfaces of PP/resin
filter (1-PP) (Figure 1, left), it is evident that the filters are highly porous throughout the
sample. In general, the material appears to be composed of polypropylene beads partially
sintered together forming a macroporous structure. Extensive melting of the polymer beads is
not observed either in printed pure PP (supplementary Figure S1) or 1-PP. When zooming in,
the particles of anion exchange resin additive 1 can be seen firmly attached to the surface of
sintered polypropylene (Figure 1, middle). However, the additive is not encapsulated by the
polypropylene matrix. The active resin is thus available for chemical interactions. In addition
to overall porosity, using SLS technique different density material can be printed in a single
object enabling fabrication of entirely functioning products with solvent impermeable edges

and chemically active interior (Figure S2).

Detailed and comprehensive information about the the interior structure of the objects and the
distribution of the active component was acquired using X-ray tomography (Figure 1, right).
The overall porosity of the objects was established from the high estimated porosity percent
(~32 %). The pore size distribution is relatively even, as the diameter of most of the pores
falls between 20 and 60 micrometers (Figure S3). The data obtained from this analysis

demonstrates that the inside structure of the filters corresponds to the HIM images and, even
4



more importantly, that the active material (Dowex 21K) is evenly distributed over the whole

object.

The chemical performance of the printed scavengers was evaluated by using a synthetic test
solution containing 100 mg L' of Ni, Zn, Fe and Cu and 50 mg L! of Al, Cr, Pb and Sn along
with 5 mg L of Pd and Au and 1 mg L! of Pt in 5% aqua regia. The chosen composition
mimics the metal ratio in an average sample of an aqua regia dissolved Printed Circuit Board
(PCB) waste.!® Synthetic test solution was used due to the fact that the metal concentrations
in true WEEE leachates vary considerably depending on the actual waste material. Hence,
analysis of a well-defined synthetic mimic solution is needed for estimating the true capacity
and the overall performance of the printed scavengers. It should also be noted that the main
part of the metal scavenging experiments with 1-PP Pd/Pt scavenging hybrid material were
conducted with a test solution without two key components, Ag and Au, found in electronic
waste. From authentic PCB waste, silver can precipitate in presence of chloride, hence it was
not included in any of the test solutions. Similarly, gold can be removed completely and
selectively by using the 3D printed nylon scavenger prior to 1-PP filter (see below and Table
S4.)8 Hence, the synthetic test solution mimics the leachate after removal of Au and Ag. The
scavengers were also tested with authentic WEEE solutions, which were prepared by using
ultrasound assisted aqua regia leaching to dissolve metals from crushed PCB waste. The
efficiency of the scavenger was determined by analyzing the metal content of the solution
before and after it was passed through the filter. In all experiments, 8 mL of metal solution
were passed through three separate 5 mm thick cylinder-shaped 1-PP filters with a diameter of
16.5 mm. This was carried out by placing the tightly fitting filters into a 10 mL syringe and

pressing the solution gently through them (Figure S4).



For the synthetic test solution over, 96 % of Pd and 98% of Pt were captured from the solution
with high selectively. The most concentrated metal ions, such as aluminium, iron and copper
were not retained by the filter while about 50 % of Sn and 10-22 % of Pb and Zn were
initially adsorbed (Figure 2). However, practically all of zinc and lead as well as most of tin
and traces of other metals trapped inside the filters during experiments could be easily
removed by subsequent water washes (6 times 8 ml), and only a small amount of tin remained
as the main impurity. Excellent efficiency and selectivity for capturing Pd and Pt was also
obtained when an authentic WEEE leachate was used instead of the synthetic test solution.

These results are summarized in the supplementary data (Table S6).

By using a sequence of nylon filters and the 1-PP filters, the most valuable metals, i.e. Au, Pt
and Pd, could be captured selectively even from an authentic WEEE solution (Figure 3). In
this process, the solution was first passed through gold scavenging filters (pure 3D printed
nylon) followed by a set of 1-PP filters. Over 98 % of Au could be removed from the
authentic WEEE solution with three 5 mm thick nylon filters with a diameter of 16.5 mm, and
over 79 % of Pd and 89 % of Pt could be captured by using three subsequent 1-PP hybrid

filters.

Both Au and Pd/Pt scavengers are fully reusable as the recovered metals can be removed from
the filters without destroying their ability to capture ions. Because Au and Pd/Pt were
captured in discrete filters, the stripping could be performed separately to produce cleaner
end-products. Au was extracted from the nylon filter by using 7 M nitric acid as reported
earlier.®! Pd and Pt were removed from 1-PP hybrid filter one-by-one with thiourea solutions.
Pd was extracted first with 0.1 M aqueous thiourea followed by extraction of Pt with 0.3 M
aqueous thiourea solution (Table S2). Total of about 83 and 85 % of adsorbed Pd and Pt,

respectively, were recovered with thiourea washes (see the experimental section). This
6



process allowed separation and isolation of Pd and Pt as separate fractions. In the end, the
residual Sn, also trapped by the 1-PP (see above), was removed also as a separate fraction by
using 4.5 M nitric acid. Unlike nylon scavenger for Au, which was ready to be re-used
immediately after removal of the captured metal, the 1-PP filters needed to be regenerated
with 0.1 M hydrochloric acid before reuse. However, neither the stripping of the metals nor
the regeneration of the filters caused significant reduction in adsorption efficiency (Table S3).
Maximum adsorption capacity of the 1-PP filters was studied by passing 10 ml of solution
containing 400 mg L' of Pd and Pt in 5 % aqua regia through one 5 mm filter five times
(Table SS). Pd and Pt scavenging capacity of the filters was calculated to be about 11 wt-%
relative to the mass of the additive in the filter. Performance of the 3D printed filter was
compared with similar weight (520 mg) of powderous, non-printed mixture of type-1 anion
exchanger resin (Dowex 21K) and polypropylene. The powder mixture was stirred in 10 ml of
concentrated Pd/Pt solution and the maximum capacity was found to be ca. 13 wt-%. The
results show that printing decreases the maximum capacity of the resin only slightly, again
highlighting the high porosity of the objects and the availability of the chemically active

component 1.

Conclusions

The presented results clearly demonstrate that SLS 3D printing can be utilized to fabricate
porous but still rigid chemically functional objects. These objects can be printed by using a
hybrid material such as 1-PP in which the chemically active component is printed together
with easily printable supporting matrix. The results also show that the printing does not
destroy the chemical functionality of the active component. The 1-PP filters introduced in this
paper can be used as effective and selective scavengers for Pd and Pt from complex mixtures
of metal ions such as acidic leachate of WEEE waste. The captured metals can be removed

from the scavenger filter in a stepwise manner, enabling the separation of Pd and Pt as
7



individual fractions. After removal of the metal ions, the objects can be regenerated, which

makes them fully re-usable.

Although we have used WEEE leachate as an example, the scavengers could also be used to
capture metal ions from various other source materials. In a broader scope, the concept of
using functional printing materials could be extended even beyond scavenging of ions. By
developing new, chemically active printing materials it is possible to open entirely new

chapter in design of chemically functional devices for various chemical processes.

Experimental Section

Chemicals and solvents: Synthetic solutions used were prepared from PerkinElmer
spectroscopy standards (1000 mg L"). Polymers used for 3D printing were purchased from
Advanc3d Materials. Dowex 21K, thiourea, nitric acid (> 65 %) and hydrochloric acid (>
37 %) were purchased from Merck. High purity water of 18.2 MQ cm resistivity was used
throughout the experiments. Water was purified using Elga Purelab Ultra.

Sample preparation: Synthetic solution containing 100 mg L' of Ni, Zn, Fe and Cu and 50
mg L' of Al, Cr, Pb and Sn along with 5 mg L' of Pd (and Au for a solution for synthetic test
with gold, see Table S4) and 1 mg L' of Pt in 5% aqua regia was prepared by using
PerkinElmer spectroscopy standards. Synthetic solution used for capacity tests containing 400
mg L' of Pd and Pt in 5 % aqua regia was also prepared using PerkinElmer spectroscopy
standards. The authentic WEEE solution was prepared by ashing milled printed circuit boards
for 4 hours at 950 °C. 1 g of the ashed WEEE was placed in a 50 ml centrifuge tube and 10 ml
of aqua regia was added. Ultrasound assisted leaching was conducted at 25 °C by performing
six three-minute cycles. Pressure was released from the tubes between the cycles. Elma
Elmasonic P was used as the ultrasound bath. Samples were filtered using Whatman 41 filter

papers and diluted in 1:5 ratio before being used for adsorption tests. Detailed descriptions of
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HIM imaging, X-ray tomography and ICP-OES measurements can be found from Supporting
Information.

Metal recovery and stripping: Recovery experiments were conducted by placing three 5 mm
thick and 16.5 mm diameter tightly fitting filters in a 10 ml syringe. Before the adsorption
tests, were prepared by passing 8 ml of water through them. 8 ml of the synthetic or authentic
solution was then pushed through the filters and metal concentrations were measured before
and after the adsorption experiment. To consider the amount of solution trapped in the objects,
the final metal concentrations were compared to those of solution that had been passed
through a syringe containing three 5 mm thick and 16.5 mm diameter pure PP filters. Hence,
the recovery efficiency was calculated as the percentage difference in metal concentrations
between initial solution (synthetic or authentic) passed through the pure PP filters and the
concentration detected after 1-PP treatment. After water washes, recovery efficiency (Table
S1) was obtained by adding the concentrations present in water wash fraction to the metal
concentrations left in the solution after the treatment with 1-PP and by comparing this value to
the initial metal concentration of untreated synthetic solution.

Stripping tests were performed by using filters that had been used for recovery tests with
synthetic solution. First, six washing cycles were performed by using water (5 times 8 ml),
followed by four 8 ml washes of 0.1 M thiourea. Next, four 8 ml washes of 0.3 M thiourea
were conducted, followed by four 8 ml washes of 4.5 M nitric acid. Finally, filters were
regenerated by passing through 16 ml of 0.1 M hydrochloric acid. All experiments presented
in this paper were performed in triplicate.

Capacity experiment was conducted by placing one 5 mm thick and 16.5 mm diameter filter
in 10 ml syringe and passing 10 ml of the synthetic solution containing 400 mg L' of Pd and
Ptin 5 % aqua regia through the filter for five times. Results of this experiment were
compared to the result received by stirring the same weight (520 mg) of powder used for

manufacturing the filters with 10 ml of the same synthetic solution for 30 minutes.
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3D printing: Filters were designed using FreeCad v. 0.16 and sliced by using Slic3r v 1.2.9.
Printing was done using ShareBot SnowWhite SLS 3D-printer. 0.1 mm layer thickness was
used for all 3D printed objects. For PP and 1-PP, the used laser power was 40 % with a rate of
60000 (2400 mm s™!). Build plate temperature of 119-123 °C was used. For nylon, laser power
of 40 % with a rate of 64000 (2560 mm s!) was used. Build plate temperature was set to 160-

163 °C for the duration of the print.

Acknowledgements
Financial support from the Centennial Foundation of Technology Industries of Finland and

Jane and Aatos Erkko foundation as a part of The Future Makers program is greatly
appreciated. The research was also supported by the Academy of Finland (grant numbers:
295581 (M.H.), 282499 (H.M.T), 263256, 265328, and 292746 (K.R.)) and the University of
Jyviskyld. We also want to thank Joni Parkkonen and Jussi Virkajérvi for performing the X-

ray tomography measurement and analyses.

References

[1] a) C. Parra-Cabrera, C. Achille, S. Kuhn, R. Ameloot, Chem. Soc. Rev. 2018, 47, 209-
230; b) B. C. Gross, J. L. Erkal, S. Y. Lockwood, C. Chen, D. M. Spence, Anal. Chem.
2014, 86, 3240-3253; ¢) P. J. Kitson, G. Marie, J. P. Francoia, S. S. Zalesskiy, R. C.
Sigerson, J. S. Mathieson, L. Cronin, Science 2018, 359, 314-319; d) P. J. Kitson, S.
Glatzel, W. Chen, C. G. Lin, Y. F. Song, L. Cronin, Nat. Protoc. 2016, 11, 920-936.

[2] a)J. Yue, P. Zhao, J. Y. Gerasimov, M. van de Lagemaat, A. Grotenhuis, M. Rustema-
Abbing, H. C. van der Mei, H. J. Busscher, A. Herrmann, Y. Ren, Adv. Funct. Mater.
2015, 25, 6756-6767; b) C. R. Tubio, J. Azuaje, L. Escalante, A. Coelho, F. Guitian, E.
Sotelo, A. Gil, J. Catal. 2016, 334, 110-115; ¢) C. Hurt, M. Brandt, S. S. Priya, T.
Bhatelia, J. Patel, P. R. Selvakannan, S. Bhargava, Catal. Sci. Technol. 2017, 7, 3421-
3439;d) Y. L. Kong, I. A. Tamargo, H. Kim, B. N. Johnson, M. K. Gupta, T. W. Koh,
H. A. Chin, D. A. Steingart, B. P. Rand, M. C. McAlpine, Nano Lett. 2014, 14, 7017-
7023.

[3] a) S. C. Ligon, R. Liska, J. Stampfl, M. Gurr, R. Mulhaupt, Chem. Rev. 2017, 117,
10212-10290; b) C. W. Foster, M. P. Down, Y. Zhang, X. Ji, S. J. Rowley-Neale, G. C.
Smith, P. J. Kelly, C. E. Banks, Sci Rep 2017, 7, 42233; ¢) S. E. Moulton, G. G.
Wallace, J Control Release 2014, 193, 27-34; d) J. Goole, K. Amighi, Int. J. Pharm.
2016, 499, 376-394.

[4] X. Zhou, C.-j. Liu, Adv. Funct. Mater. 2017, 27, 1701134.

[5] a) B. Bian, D. Shi, X. Cai, M. Hu, Q. Guo, C. Zhang, Q. Wang, A. X. Sun, J. Yang,
Nano Energy 2018, 44, 174-180; b) A. S. Diaz-Marta, C. R. Tubio, C. Carbajales, C.
Fernandez, L. Escalante, E. Sotelo, F. Guitian, V. L. Barrio, A. Gil, A. Coelho, ACS

10



[6]

[7]

[8]
[9]

Catalysis 2017, 8, 392-404; c) A. E. Jakus, S. L. Taylor, N. R. Geisendorfer, D. C.
Dunand, R. N. Shah, Adv. Funct. Mater. 2015, 25, 6985-6995.

a) S. Dupin, O. Lame, C. Barres, J.-Y. Charmeau, Eur. Polym. J. 2012, 48, 1611-1621;
b) S. F. Shirazi, S. Gharehkhani, M. Mehrali, H. Yarmand, H. S. Metselaar, N. Adib
Kadri, N. A. Osman, Sci Technol Adv Mater 2015, 16, 033502; ¢) A. Danezan, G.
Delaizir, N. Tessier-Doyen, G. Gasgnier, J. M. Gaillard, P. Duport, B. Nait-Ali, J. Eur.
Ceram. Soc. 2018, 38, 769-775; d) F. Fina, A. Goyanes, S. Gaisford, A. W. Basit, Int.
J. Pharm. 2017, 529, 285-293; ¢) L. C. Hwa, S. Rajoo, A. M. Noor, N. Ahmad, M. B.
Uday, Curr. Opin. Solid State Mater. Sci. 2017, 21, 323-347; f) T. Stichel, T. Frick, T.
Laumer, F. Tenner, T. Hausotte, M. Merklein, M. Schmidt, J. Mater. Process. Technol.
2018, 252, 537-545; g) M. Yan, X. Tian, G. Peng, Y. Cao, D. Li, Mater. Des. 2017,
135, 62-68.

M. S. Joens, C. Huynh, J. M. Kasuboski, D. Ferranti, Y. J. Sigal, F. Zeitvogel, M. Obst,
C. J. Burkhardt, K. P. Curran, S. H. Chalasani, L. A. Stern, B. Goetze, J. A. J.
Fitzpatrick, Sci. Rep. 2013, 3, 3514.

E. Lahtinen, L. Kivijirvi, R. Tatikonda, A. Viisdnen, K. Rissanen, M. Haukka, 4ACS
Omega 2017, 2, 7299-7304.

L. A. Feldkamp, L. C. Davis, J. W. Kress, J. Opt. Soc. Am. A. 1984, 1, 612-619.

11



Figure 1. HIM image of break surface of 1-PP (left), zoomed in view of 1-PP (middle) and X-

ray tomography image of 1-PP showing the additive in white and supporting polypropylene in
grey (right).
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Figure 2. Recovery profiles after treatment with three 1-PP Smm filters (left) and
compositions of stripping solutions (right).
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Figure 3. Complete route for extraction and stripping of gold and platinum group metals from
WEEE solution using PA and 1-PP filters.
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ABSTRACT: Three-dimensionally printed solid but highly porous
polyamide-12 (PA12) plate-like filters were used as selective adsorbents
for capturing tetrachloroaurate from acidic solutions and leachates to
prepare PA12—Au composite catalysts. The polyamide-adsorbed
tetrachloroaurate can be readily reduced to gold nanoparticles by
using sodium borohydride, ascorbic acid, hydrogen peroxide, UV light,
or by heating. All reduction methods led to polyamide-anchored
nanoparticles with an even size distribution and high dispersion. The
particle sizes were somewhat dependent on the reduction method, but
the average diameters were typically about 20 nm. Particle sizes were
determined by using a combination of single-particle inductively
coupled plasma mass spectrometry, helium ion microscopy, and powder
X-ray diffraction. Dispersion of the particles was analyzed by scanning

electron microscopy with energy-dispersive spectroscopy. Due to the high adsorption selectivity of polyamide-12 toward
tetrachloroaurate, the three-dimensional-printed filters were first used as selective gold scavengers for the acidic leachate of
electronicwaste (WEEE). The supported nanoparticles were then generated directly on the filter via a simple reduction step.
These objects were used as catalysts for the reduction of 4-nitrophenol to 4-aminophenol. The described method provides a
direct route from waste to catalysts. The selective laser sintering method can be used to customize the flow properties of the
catalytically active filter object, which allows the optimization of the porous catalytic object to meet the requirements of catalytic

processes.

B INTRODUCTION

Gold nanoparticles have received an immense amount of
attention during the past decades as they possess a range of
fascinating properties and can be used for a variety of different
applications.' ™ Especially gold-nanoparticle-mediated catalysis
has emerged as a promising application.’™® However, the use
of gold nanoparticles as a suspension is problematic due to
challenges faced in handling and recovering the particles.
Therefore, immobilization of nanoparticles onto different
polymers,g_11 resins,">"* and even gels14 has been suggested
as a potential solution to this problem. These solutions often
rely on the use of novel or expensive materials that lack
selectivity toward gold and therefore need to be prepared by
using pure gold solutions. The use of a material with high
selectivity toward gold could solve this issue as even gold-
containing waste could be used as a source for gold
nanoparticles. Additionally, the previously reported immobili-
zation methods often lack possibilities to control the shape,
size, and flow properties of the supporting matrix. This, in turn,
sets limitations to their usability in different types of reactions
and flow environments.

Polyamide-12 (PA12) has been previously reported to have
a high adsorption selectivity toward gold, as tetrachloroaurate,

v ACS Publications  © 2019 American Chemical Society 16891

from acidic waste electrical and electronic equipment (WEEE)
leachate.’® The captured tetrachloroaurate can be removed
from polyamide by a simple elution step, which allows PA12 to
be used as a reusable scavenger material. However, it is also
possible to reduce the captured tetrachloroaurate to zero-
valent gold directly on the polymer surface. In other words, the
reduction process produces polyamide-anchored gold nano-
particles."" The reduced gold particles are firmly attached onto
the polyamide support, which make the metallized materials
potential catalysts. This approach opens up a route for the
preparation of supported nanoparticle catalysts directly from
waste materials.

Three-dimensional (3D) printing enables the alteration of
the shape and size of the nanoparticle-bearing objects. It is also
possible to fabricate flow channels into the printed objects.
This has been previously demonstrated with methods such as
stereolithography and ink-jet printing.'®'” However, these
methods produce surfaces that are not inherently porous.
Furthermore, they also often require specifically customized
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printing materials. These problems can be avoided by using
powder-based 3D-printing methods, such as selective laser
sintering (SLS). With the SLS technique, it is possible to
produce objects that are inherently porous. In SLS-printing,
small particles with a typical diameter of 50—100 ym are fused
together by a laser, which gives control over the physical
characteristics such as the porosity and mechanical strength of
the printed material by fine-tuning the printing parameters
such as laser power, exposure time, and printing temper-
ature."*™>” When the particles are sintered in such a way that
only their surfaces are partially melted, a solid structure
containing accessible voids between the sintered grains is
obtained.”™'®** Also, a wide range of chemically active
printing materials can be used without complicated preprocess-
ing steps ranging from functional polymers to mixtures of
functional additives and supporting polymer matrices.”>>*

In this paper, SLS 3D-printed PA12 filters were function-
alized into PA12—Au composites by gold adsorption followed
by reduction. The gold was adsorbed as tetrachloroaurate,
from either acidic leachate of WEEE or a synthetic
tetrachloroaurate solution. The reduction and formation of
gold nanoparticles with various sizes were investigated with
helium ion microscopy (HIM), scanning electron microscopy
energy-dispersive spectroscopy (SEM-EDS), powder X-ray
diffraction (XRD), and single-particle inductively coupled
plasma mass spectrometry (SP-ICP-MS). A range of different
reduction methods were used to investigate their impact on the
particle size. The autoreduction process with no specific
reduction agent was also followed. The catalytic activity of the
supported gold nanoparticle filters was tested in the reduction
of 4-nitrophenol to 4-aminophenol, which is a commonly used
model reaction for gold-nanoparticle-mediated catalysis.”> >

B RESULTS AND DISCUSSION

The porous SLS 3D-printed plate-like filters were fabricated
using a Sharebot SnowWhite 3D printer, using PA12 powder
consisting of c.a. SO ym diameter particles as printing material.
After the printing process, the filters were carefully cleaned of
any unsintered powder and adsorption of tetrachloroaurate was
performed either from a synthetic solution or from acid-
leached printed circuit board (PCB) waste. After the
adsorption, the SLS 3D-printed filters were washed extensively
with water before being used in reduction experiments. Even
though the samples used for the studies were simple plate-
shaped objects, different shapes and forms can also be
produced and functionalized with gold nanoparticles (Figure
S1).

The SLS 3D-printed PA12—Au filters were reduced using a
variety of different reducing agents. First, PA12—Au filters
were treated with 20 mL of 0.5 M NaBH,. By changing the
reduction time between 1 and 15 min, the color of the
resulting PA12—Au filter could be altered. The shorter contact
times led to filter plates with a red to light purple color,
whereas longer contact times led to dark purple filters (Figure
la). The color changes indicated changes in the nanoparticle
sizes. NaBH, reduction was also carried out for PA12—Au
filters, where the gold was adsorbed from acid leachate of
WEEE (Figure S2, see the Experimental Section). The
resulting metallized filters were identical to the ones obtained
by using pure tetrachloroaurate solution. The results show that
it is possible to use electronic waste as a gold source for
supported nanoparticles.

(a) PA12-Au
——
a aenane
|—'_| T J
PA12 NaBHas
(b) (c)
asEae s 4o o@Ge

(d) (e)
E s e .

Figure 1. Images of SLS 3D-printed PA12 filters (10 X 10 X 2 mm®).
(a) Pure filter (PA12) and a filter immediately after gold adsorption
(PA12—Au). NaBH,: PA12—Au filters reduced with 0.5 M NaBH, for
1, 3, S5, 10, and 1S min, respectively. (b) PA12—Au filters reduced
with 0.5 M ascorbic acid for 1, 3, 5, 10, and 15 min, respectively. (c)
PA12—Au filters reduced with 30% H,0, for S, 10, 15, 30, and 60
min, respectively. (d) PA12—Au filters reduced by using UV light
(405 nm) for 20, 40, and 60 min. (e) PA12—Au filters reduced by
heating them in the oven (110 °C) for 30, 60, and 90 min.

The second tested reduction method, that is, reduction with
ascorbic acid, yielded gray to greenish PA12—Au filters. Also,
in this case, the intensity of the color was dependent on the
reduction time (Figure 1b). However, after the reduction, the
color of the filters started to change to purple over a longer
period of storage, typically over several days. The next method
of reduction was more unconventional as it included treating
the PA12—Au filter with hydrogen peroxide. Hydrogen
peroxide is known to produce gold nanoparticles®® and in
the case of SLS 3D-printed PA12—Au filters, it resulted in
filters with red to light brown colors (Figure 1c). The last two
methods tested were treating the filters with UV light (405
nm) and heating them in the oven at 110 °C, respectively.
Both methods yielded PA12—Au filters with a red to purple
color. In general, the heating treatment produced a much more
intense color than the light-induced reduction (Figure 1d,e).
However, it should be noted that even storing the PA12—Au
filters at room temperature in ambient light was enough for
slow conversion of the adsorbed gold into nanoparticles. This
was observed as the color of the filters slowly turned light
purple over an extended period of time.

HIM imaging of the PA12—Au samples was conducted to
study the nanoparticle sizes and their distribution within the
SLS 3D-printed filters. Figure 2 shows the HIM images of
PA12—Au filters prepared from synthetic tetrachloroaurate
solution and reduced with H,O, (Figure 2a,b) and ascorbic
acid-reduced PA12—Au filters prepared from acidic WEEE
leachate (Figure 2¢,d). From the zoomed-out images, it can be
seen that distributions of the gold nanoparticles on the surfaces
of the fused PAI2 particles in PA12—Au filters are rather even
for both of the samples. As it has been previously shown, SLS
3D-printing can be used to fabricate solid but highly porous
structures, where a fluid can flow through the voids between
the partially fused particles.”>** This particle-like structure can
also be seen in Figure 2a,c and in Figure S3 given as a
Supporting Information. Furthermore, the gold nanoparticles
are attached only on the surfaces of the fused particles and they
are not capsulated by the polymer. This means that the gold
nanoparticles are also distributed in the inner structure of the
printed objects, but they are still able to interact with fluids
running through the object material. The more detailed HIM
images (Figure 2b,d) confirm the even spatial distribution of
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Figure 2. HIM images of the surfaces of the H,0,-reduced PA12—Au filters prepared using synthetic tetrachloroaurate solution (a, b) and of the
ascorbic acid-reduced, WEEE-derived PA12—Au filters (c, d).

250 pm 250 pm

Figure 3. SEM-EDS image of the analyzed area of the ascorbic acid-reduced PA12—Au sample (a). Overlaid image of the obtained gold spectral
image (green) and the initial image of the analyzed area (b).
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Figure 4. Left: XRD patterns of PA12—Au filters with different reducing agents used: (a) reference filter without Au; PA12—Au reduced with (b)
UV light, (c) NaBH,, (d) heating, (e) ascorbic acid, and (f) H,0,; and (g) PA12—Au sample, where gold is derived from WEEE and reduced with
NaBH,. Right: zoomed 26 range showing the Au(;;) peak on each pattern.
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the gold particles. The even size distribution of the
nanoparticles can also be seen in Figures 2b,d. Even if HIM
is not the optimal method for particle size analysis, it clearly
indicates that most of the nanoparticles are within the range of
10—100 nm in both samples. The HIM images of the samples
reduced by other methods are given in the Supporting
Information (Figures S4 and SS).

The even distribution of the gold nanoparticles on the
surfaces of the SLS 3D-printed objects is somewhat surprising
since the nanoparticles are not end-capped with ligands.
However, it could be reasoned that interactions between gold
and the functional groups of the PA12 polymer are responsible
for the high dispersion and even size distribution. This has also
been suggested as the reason for the even distribution of gold
nanoparticles on PAG6 surfaces.'' Most likely, the amide
groups of PA12 provide sufficiently strong interactions with
the nanoparticles to prevent excessive agglomeration.

Additional analyses for the dispersion of the gold nano-
particles on the printed filters were carried out by performing
spectral imaging using SEM-EDS. The ascorbic acid-reduced
PAI12—Au filter was covered with silver particles prior to SEM-
EDS analysis. Spectral imaging was then performed, and the
results are shown in Figure 3. The image of the analyzed area
of the sample (Figure 3a) is overlaid with the spectral imaging
map received for the gold (Figure 3b). Together with the HIM
imaging results, the SEM-EDS analysis confirms that the
distribution of the gold nanoparticles on the PA12—Au filters is
uniform.

Powder X-ray diffraction (XRD) patterns of the PA12—Au
filters are shown in Figure 4. All of the XRD patterns show
characteristic peaks of the PA12 polymer matrix, which can be
confirmed based on the peaks observed in the pattern of the
reference filter of pristine PA12 (reference pattern for PA12
was not available in the PDF4 database®”). In case of filters
with reduced gold nanoparticles, the characteristic diffraction
peaks at 38.1, 44.39, 64.62, and 77.59° 26 could be assigned
(PDF4 entry: 00-066-0091)® to metallic gold in a face-
centered cubic crystal system (Fm3m). In addition to the
characteristic peaks of PA12 and gold, there were no other
peaks in the patterns, indicating that only gold was reduced
onto the filters. This was also the case with the NaBH,-reduced
sample where WEEE was used as the gold source. It means
that the other metals present in the WEEE solution (e.g,, Cu,
Fe, Al...) were not adsorbed to the PA12 filters. However, it
should be noted that the gold content in that particular sample
was also considerably lower, due to a much lower
concentration of gold being available for adsorption from the
acid-leached WEEE compared to the synthetic tetrachlor-
oaurate solution. Comparison of the XRDs of the different
reduction techniques revealed that the H,O, reduction showed
the highest intensity for gold particles, followed by others in
the order of ascorbic acid > heat treatment > NaBH, > UV
light (Figure 4).

To get a coarse estimate of the dispersion of gold in the
filter, the average crystallite size of the gold particles was
estimated by the Scherrer method as shown in eq 1

K
B cos 0 1)

in which D is the average crystallite size, K is the shape-
dependent Scherrer constant (0.90 for spherical crystallites
with a cubic symmetry), 1 is the X-ray wavelength (1.5406 A),

B is the full peak-width at half-maximum intensity (given in
radians) corresponding to structural broadening (instrumental
broadening taken into account), and @ is the diffraction angle.
For each sample, the strongest Au peak (38.1° 26) with Miller
indices (111) was taken for an indicative crystal size analysis,
and the resulting values are shown in the Supporting
Information (Table S1). Generally, the average crystal size of
gold particles ranged from 30 to 70 nm. It is noticeable that
UV light-treated and H,O,-treated samples exhibit similar-
sized particles, even though in terms of quantity they represent
the two extremes of the series. In all the rest of the samples, the
crystal size of gold is about the same (~30 nm) regardless of
the quantity of the gold phase per sample. However, it should
be kept in mind that these results represent a rather qualitative
estimation of the particle size as an accurate peak profile
analysis of a low crystalline phase that is mixed with a low-
crystalline organic matrix is challenging for reasons such as the
degree of peak overlap and uncertainties to define the proper
peak profile tailing versus baseline signals. Second, the
crystallographic crystal size analysis tends to skew on larger
average sizes due the fact that larger particles have a somewhat
higher diffraction power than the smaller ones. However, the
XRD results are well in line with the HIM analyses above.
The SP-ICP-MS analyses were used to study further the size
distribution of the nanoparticles. SP-ICP-MS is a highly
sensitive method for the characterization of nanoparticles from
solutions. Even if the leaching of gold from the gold-
functionalized filters was low, the removed particles could be
analyzed. The nanoparticle size distribution diagram observed
during the analysis is represented in Figure S. The majority of

500

450

400

w
@
S

>
§ 300 —0—Uuv
E —@— Ascorbic Acid
& 250
w Heat

200 —@— NaBH4

150 —@— WEEE-NaBH4

H202

100

® ) &y ¢

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Particle diameter (nm)

Figure 5. Nanoparticle size distribution diagram of the PAI2—Au
filters reduced with different methods obtained from the SP-ICP-MS
measurement. The observed particle frequencies are not strictly
comparable to each other due to different dilution factors and run
times.

the observed particles were in the size range of 14—32 nm
(=90% detected particles). Typically, most of the nanoparticles
observed appeared to have an average diameter of around 20
nm. Among the different reduction methods, NaBH, seems to
lead to the smallest nanoparticles with average sizes of 16 + 1
nm observed, while ascorbic acid, heating, and UV light led to
average particle sizes of 20 + 5, 20 + 4, and 20 + 3 nm,
respectively. Reduction with H,O, led to particles with an
average diameter of 21 &+ 2 nm. The PA12—Au filters where
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the [AuCl,]” was adsorbed from the acidic WEEE leachate
followed by reduction using NaBH,, produced nanoparticles of
21 + 4 nm diameter (Table S2).

As can be seen from the average diameters observed, most of
the reduction methods led to PA12—Au filters having rather
uniformly sized nanoparticles. In addition, the normal
analytical uncertainty might explain the observed differences
in the average diameters. Even the WEEE-derived PA12—Au
filters possessed nanoparticles of around the same size than the
other PA12—Au filters produced by using synthetic tetra-
chloroaurate solutions. Such results confirm the suitability of
secondary gold sources for generating supported nanoparticles.
The particle size distribution based on SP-ICP-MS results are
in good agreement with the sizes of the nanoparticles observed
in the HIM images (Figures 2, S4, and SS) and the results
obtained by XRD (Figure 4 and Table SI). It should be
emphasized that no severe leaching of gold was observed. This
was tested by shaking the catalyst object vigorously in
ultrapure water and analyzing the released Au-NPs by SP-
ICP-MS. The amount of released Au was found to be at most
0.1 wt %. The results of the leaching tests support further the
firm attachment of gold nanoparticles on the PA12 matrix.

The catalytic activity of the gold nanoparticle-functionalized
SLS 3D-printed filters was tested in the simple reduction of 4-
nitrophenol to 4-aminophenol in the presence of NaBH,
following the previously reported method.”® The completeness
of the reactions were then determined by UV—vis spectros-
copy. Based on the obtained results (Figure 6), it is evident

Mo catalyst Pa12

Absorbance

400

Wavelength (nm)

420 460

Figure 6. UV—vis results for the gold-catalyzed reduction of 4-
nitrophenol to 4-aminophenol in the presence of NaBH,.

that the PA12—Au filters are able to effectively catalyze the
conversion. The solutions without Au catalysts show no signs
of a reaction, whereas most PA12—Au filters have catalyzed the
reactions to completeness within the 2 h reaction time. The
filter treated by heating shows slightly deviating results
compared to others. However, all of the reactions with the
catalysts were found to reach completeness if let to react over a
longer period of time. In addition to the simple plate-shaped
PAI2—Au filters, stir bar sleeve-shaped catalysts (Figure S1)
were also tested and found to perform similar to the other
filters tested.

The reusability of the catalysts was tested by performing 10
consecutive catalytic cycles with the PA12—Au filter reduced
with NaBH,. No significant decrease in the catalytic activity
was observed, which further shows the strong attachment of
the gold nanoparticles onto the SLS 3D-printed PAI2 filter.
Additionally, the PA12—Au filter where gold was adsorbed

16895

from acid-leached WEEE, followed by reduction with NaBH,,
was also tested (WEEE-NaBH,). The filter performed just like
the ones prepared using pure tetrachloroaurate solution,
further confirming that waste materials such as WEEE can
be used as a feedstock for the preparation of gold nanoparticle
catalysts.

B CONCLUSIONS

In this paper, we introduce a method for manufacturing SLS
3D-printed polyamide-12 objects functionalized with gold
nanoparticles. This can be achieved by adsorbing gold as
tetrachloroaurate onto the polyamide-12 matrix, followed by a
reduction. A variety of reduction methods can be used to
produce highly dispersed and evenly sized gold nanoparticles
with an average diameter of around 20 nm on the polyamide
filters. The functionalized filters can be used as effective
catalysts in the reduction of 4-nitrophenol to 4-aminophenol.
Since PA12 is a highly selective adsorbent for gold, it is
possible to use various gold-containing solutions as the source
of gold. This opens up a direct route from waste materials to
catalysts. For example, the acidic leachate of circuit board
waste can be used as the gold source for the preparation of
PA12-supported gold nanoparticle catalysts with no additional
purification steps and without any interference by the other
metals. SLS-printing provides an attempting technique for
preparing heterogeneous catalysts. The chemical activity can
be optimized by the choice of the printing material, while the
printing technique allows fine-tuning of the shape, size,
porosity, and flow properties of the printed object. Although
we have used SLS-printing for the preparation of catalysts with
supported gold nanoparticles, the same approach can be
extended to other metals as well. This can be achieved by
replacing PA12 with another printing material that can
selectively adsorb the desired metal.

B EXPERIMENTAL SECTION

Chemicals and Materials. Hydrogen peroxide (AnalaR
NORMAPUR) and ascorbic acid (AnalaR NORMAPUR)
were purchased from VWR. Sodium borohydride (>98%) was
supplied by Acros Organics, and 4-nitrophenol (98%), nitric
acid (>65%), and hydrochloric acid (>37%) were purchased
from Merck. Polyamide-12 was obtained from ADVANC3D
materials and used without any additional pretreatment. All
chemicals were used as received.

3D-Printing of the PA12 Filters. The PAI12 filters (10 X
10 X 2 mm®) were printed using a Sharebot SnowWhite SLS
3D printer. Highly porous objects with good physical
durability were obtained using the following parameters during
the printing process: 161 °C environmental temperature, 40%
laser power (a maximum of 14 W), 2400 mm s~* laser speed,
and 0.1 mm layer height. The 3D-printed objects were
thoroughly cleaned of any nonsintered powder after the
printing process. No further pretreatment was performed prior
to the gold adsorption experiments.

Adsorption of Tetrachloroaurate onto PA12 Filters.
The gold was adsorbed as tetrachloroaurate onto the SLS 3D-
printed filters either from a synthetic solution or from acid-
leached PCB waste. The synthetic tetrachloroaurate solution
was prepared by diluting a Perkin Elmer 1000 mg L~'
spectroscopy standard until the concentration of gold was
around 200 mg L™". The solution was adjusted to have 10 vol
% HCL. The PCB sample was prepared by ashing the milled
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PCB waste at 950 °C for 4 h. The sample was then dissolved
using ultrasound-assisted leaching with aqua regia. The
leachate was diluted before the gold was adsorbed onto the
3D-printed filters. Both with synthetic and authentic solutions,
the filter plates were kept in contact with the solution for 8 h.
This was done to ensure the saturation, even though the
adsorption process itself is rather fast.'> After the adsorption,
the filters were thoroughly washed with water. The PA12—Au
objects, prepared from the synthetic tetrachloroaurate solution,
were adjusted to possess around 0.5 wt % of gold. After the
adsorption, the objects were reduced. The samples that were
analyzed using the following methods were reduced using 0.5
M NaBH,, 0.5 M ascorbic acid, 30% H,O, solution, UV light,
or thermal treatment for 15 min (NaBH, and ascorbic acid),
60 min (H,0, and UV), or 90 min (thermal treatment).

Helium lon Microscopy. Imaging was performed with a
Carl Zeiss ORION NanoFab helium ion microscope. The
beam energy used was roughly 30 keV, and the beam current
was set between 0.32 and 0.38 pA. The dwell time of the scans
was altered between 0.2 and S0 ys for optimal picture quality.
The working distance was generally around 6.2—8.3 mm.
Samples were not treated in any way before imaging aside from
the use of pressurized air to clear any loose particles from the
surfaces of the samples.

Scanning Electron Microscopy Energy-Dispersive X-
Ray Spectroscopy. The SEM-EDS analysis was performed by
using Hitachi S-4800 field emission scanning electron
microscopy with a Thermo Electron Noran System Sic EDS
(NSS200) detector. The samples were coated with silver
particles prior to analysis to overcome the challenges faced
with nonconductive samples. An acceleration voltage of 10 kV/
was used for the analysis. Around 10 min of spectral imaging
data were gathered during the imaging process for the gold
dispersion analysis.

Powder X-ray Diffractometry. X-ray powder diffraction
patterns were measured by a PANalytical X’Pert PRO
diffractometer in Bragg—Brentano geometry using Cu Ka,
radiation (Johannsson type monochromator, 1 = 1.5406 A, 45
kV, 40 mA). A sample filter was first set on a silicon filter (zero
background signal filter) that was placed on a steel-made
sample holder with a height-adjustable cavity. The pattern was
recorded from a spinning sample by an X’Celerator detector in
the 26 range of 3—80° with a step size of 0.017° and a counting
time of 400 s per step (4 h 10 min overall time). Diffraction
data were processed with the Malvern Panalytical HighScore
Plus v. 4.7 program.™

Single-Particle Inductively Coupled Plasma Mass
Spectrometry. SP-ICP-MS measurements were performed
on a NexION3S50D ICP-MS spectrometer operating in the
single-particle mode using the Syngistix Nano Application
Module (PerkinElmer Inc., Massachusetts). Instrumental
parameters are shown in Table 1. The nebulizer gas flow was
optimized to gain maximum response for '*’Au. The sample
uptake rate was measured daily by quantifying the mass of
sample uptake after 3 min in duplicate. The transport efficiency
(i.e., the fraction of nebulized sample entering the plasma) was
determined using the particle size method. Citrate-stabilized 30
and 60 nm gold nanoparticles (NanoComposix, San Diego,
CA) were used for particle calibration after dilution with
ultrapure water with a resistivity of 18.2 MQ cm (UP-water,
PURELAB Ultra, ELGA LabWater, Buckinghamshire, U.K.).
Dissolved gold calibration solutions were prepared from a
standard stock solution of 100 ug mL™" Au in 2% HCI (Pure

Table 1. NexION350D Instrumental Parameters

condition

ESI PFA concentric
baffled cyclonic, glass

parameter
nebulizer
spray chamber
injector 1.8 mm i.d. sapphire
power 1600 W
0.97-0.99 L min™"
0.333-0.337 g min~"

nebulizer gas flow
sample uptake rate

dwell time 100 uS
sampling time 60—6000 s
transport efficiency 6.38—6.73%

Plus, Perkin Elmer, Massachusetts) by dilution in a thiourea
solution (0.1 mol % thiourea (>99.0%, VWR International,
Pennsylvania), 2.4 vol % HCI, and 0.05 vol % HNO;). High-
purity (Analpure) hydrochloric acid and nitric acid were
obtained from Analytika spol. s r.o. (Prague, Chech Republic).
All dilutions were performed gravimetrically.

All samples were placed in SO0 mL polypropene containers
and 20 mL of UP-water was added. The samples were
vigorously shaken for 30 s for particle release. For every
sample, at least three different dilutions were made with UP-
water to minimize the contribution of dissolved signal possibly
overlapping the particle signal. The sampling time was adjusted
to 60—6000 s depending on the sample to gain a sufficient
number of detected peaks for reliable particle concentration
calculation (>S00 peaks). All dilutions were performed
gravimetrically, and samples were analyzed as soon as possible
after the initial sample preparation to minimize changes in the
original sample composition over time.

The Syngistix Nano Application Module was used for data
processing. The intensity of detected particles was related to
the particle mass (ug) using a particle calibration curve and
transformed to the particle diameter (nm) assuming a spherical
particle geometry. The mean particle diameter and particle
concentration for each sample were calculated as an average for
the results obtained for different dilutions (n = 1-3) and
replicate readings and were reported as average + standard
deviation (1 s). The instrumental drift causing the level of
measured intensity to decrease over time was corrected with a
drift correction standard (Pt 1 ygkg™" in 1 + 1% HCI/HNO;).
The total mass of particulate gold in the samples was calculated
based on the measured sample particle concentration
(particles/g) and mean particle diameter (nm).

UV—Vis Spectroscopy. UV—vis spectra of the catalytically
reduced 4-nitrophenol solutions were measured from 700 to
340 nm using a Perkin Elmer Lambda 25 UV/Vis-
spectrophotometer. A slit of 1.0 nm was used with a scan
speed of 240 nm min~" and a data interval of 3.0 nm. Ultrapure
water was used as a reference sample in the reference cuvette.

Catalysis. A 0.1 mM solution of 4-nitrophenol was
prepared by dissolving roughly 7 mg of 4-nitrophenol in 500
mL of deionized water. Next, 5 mL of the obtained solution
was pipetted to eight small glass beakers, and 10 mg of NaBH,
was added to each beaker to act as the reducing agent. Excess
of NaBH, was used to avoid any kind of effect the change of
concentration of the reductant could have on the reaction. One
PAI12—Au filter each treated with a different gold reduction
method (as described earlier) was placed in the beaker
containing 4-nitrophenol and NaBH,. Two beakers, one
containing just the starting material and the reductant and
the other also containing the PA12 filter with no gold, acted as
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references. The mixtures were then stirred for 2 h, even though
many of the reactions could be seen to happen much faster.
Excessive reaction time was chosen to further confirm that the
reaction would not proceed without the catalyst. The
reusability of the catalysts was determined by performing 10
reaction cycles with a PA12—Au filter that had been reduced
using NaBH,. No significant drop in the catalytic activity was
observed. Samples were then analyzed by using UV—vis
spectroscopy.

B ASSOCIATED CONTENT
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